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ABSTRACT
Dormant seeds of 3 rice varieties, Colusa (japonica), Nato 
(indica- japonica hybrid) and Rexoro (indica), were exposed to 9 
gamma radiation treatments: 20,000r, 30,000r, 40,000r and 50,000r
at 605r/min., 37,100r at 605r/min. in 2 equal fractions; 20,480r, 
37,100r, 41,000r and 49,500r at 2.9r/min. and R2 generation 
plants from these treatments were studied in 1959 and 1960.
Part of the seeds were sown shortly after irradiation 
and the remainder 1 year later. Effects of irradiation treat­
ments on germination, seedling survival, seedling height, trans­
location frequency in PMCs and chlorophyll mutations were studied.
The fractionated treatment did not produce any appre­
ciably different effect from that of the comparable continuous 
treatment. No marked differences in varietal response to different 
irradiation treatments were noticeable for survival and height. 
Translocation frequency was slightly lower in Rexoro than in the 
other varieties. ■ •
Germination was normal in all of the treatments. Survival 
appeared normal in all dosages at 605r/min. There was no intensity
effect on survival at the 20,000r dose level. With doses approxi­
mating 40,000r, a slight reduction was noted for the low intensity.
With doses approximating 50,OOOr, intensity effect was very distinct, 
with the low intensity treatment showing only 7% survival. It is 
probable that the adverse effect with the low intensity irradiation 
was due to the longer exposure time rather than to the lower irra­
diation intensity.
Seedling height was progressively reduced with increasing 
dosages at 605r/min. At 50,OOOr, it was only 50% of control. An 
intensity effect on height was found. With approximately 20,OOOr 
delivered at low intensity there was a 15% height reduction over 
that from high intensity. With approximately 40,OOOr the correspon­
ding reduction from low intensity was about 50%. ^
About 41% of all panicles examined contained 1 or more trans­
locations. There were relatively few panicles with multiple trans­
locations compared with the number having single translocations, 
indicating a differential tendency for chromosomes to undergo breaks. 
Panicles with single hexavalents occurred in greater frequencies 
than expected, compared to their number with 2 quadrivalents, suggest­
ing a strong tendency for 1 chromosome pair to undergo 2 breaks.
Translocation frequency increased with increasing doses up to 
40,OOOr, and then seemed to level off. No distinct intensity effect 
was noted, except that at doses approximating 20,OOOr, the low in­
tensity gave a slightly higher number of translocations than the 
high intensity.
No chlorophyll mutations were obtained in the generation.
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In the R 2 generation, 4 types were recognized, albino, xaritha, 
viridis and variegated. Of these, the variegated types were 
often variable in appearance and expression. The 225 R£ progenies 
tested gave 42 mutations in 38 progenies, comprised of 21 albino,
6 xantha and 15 viridis types. Mutation rate increased with 
increasing dosages at 605r/rain. There was no clear evidence for 
an increased mutation rate with low intensity irradiation.
Irradiation by itself did not seem to affect germination 
and translocation frequency markedly after post-irradiation storage. 
But it reduced seedling survival at high dosages and low intensi­
ties. While irradiation without storage did not affect survival in 
any of the 605r/min treatments, there was a marked decline with the 
50,OOOr dose following storage. Low intensity irradiation with 
approximately 20,OOOr, did not have any different effect on sur­
vival after storage than before storage. Following storage, approx­
imately 40,OOOr, low intensity irradiation caused a severe reduction 
in survival compared to the same high intensity treatment.
Irradiation followed by storage caused differential varietal 
responses at higher dosages. Rexoro showed most susceptibility, 
and Colusa the least.
vii
INTRODUCTION
Roentgen discovered x rays in 1895 and this was immediately 
followed by the discoveries of natural radioactivity and radium by 
Becquerel and the Curies, respectively. These marked the beginnings of 
nuclear science or atomic science. The developments in this field have 
since been very rapid and far reaching. It is now being increasingly 
used in medicine, biology, agriculture and industry for a variety of 
purposes and it looks as if nuclear energy will play a significant part 
in the shaping of m a n ’s destiny.
Within a year of their discovery, it was realized that exposure 
to x rays produces distinctive effects on biological systems. This 
earlier work in plant radiobiology dealt mostly with studying the effects 
of radiations on physiological and morphological characters. This 
included some cytological studies also. Most of them reported deleteri­
ous effects. Muller (1927) demonstrated conclusively for the first 
time that x rays are able to produce mutations in Drosophila similar to 
those occurring in nature and at a much higher frequency. Working in­
dependently, Stadler (1928) reported similar results in corn and barley, 
and Goodspeed and Olson (1928) in tobacco. In addition to its utiliz­
ation in genetical studies, Muller had then predicted its possible 
usefulness to the practical breeder also.
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Radiogenetical studies were soon initiated at different centers 
in this country, and also notably in Russia, Sweden, and Germany. Basic 
researches on the nature of various radiations and their effects on a 
number of plant and animal species made considerable headway in this 
country, but hardly any sustained effort was made at this period for 
utilizing them in practical plant breeding. Mutation studies in Russia 
and Germany were also soon discontinued. However, the work in Sweden 
went on almost uninterruptedly, mainly because of the visionary optimism 
of Nilsson-Ehle and Gustafsson. Most of our present day knowledge on 
the various fundamental aspects of mutation breeding is attributable to 
their pioneering efforts.
The greatly increased interest in the use of atomic energy follow­
ing the development of the atom bomb, together with the general appreci­
ation of the Swedish mutation work and also the wider availability of 
irradiation sources created an upsurge of interest in mutation breeding 
all over the world.. Even though the results obtained in most cases did 
not measure up to the original expectations, it has come to be accepted 
that while induced mutation is no magic wand in the hands of a breeder, 
it does provide him with a useful means of increasing genetic variability 
that is so important in any breeding program.
Most of the radiation genetical work has been conducted with 
Drosophila for obvious reasons. In the plant kingdom, a greater portion 
of the studies has been made in mitotic divisions in the root tips and 
microspores of Vicia, Tradescantia, Allium, Hordeum, Antirrhinum and 
Trillium. Such studies have provided us with considerable basic inform­
ation about the effects of different radiations on the chromatin material. 
But it is the behavior of chromosomes during meiosis that determines
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the linkage relationships, sterility, viability and such other phenom­
ena that are so important in practical breeding. So far, most of the 
meiotic studies in microsporogenesis following irradiation have been 
made in barley, wheat, corn and tobacco. They have shown the existence 
of a large number of factors, such as polyploidy, chromosome number and 
size and genotypic differences that affect the radiosensitivity of 
different species and varieties. The striking influence of various 
environmental .factors on seeds, the most commonly used material for 
irradiation in mutation breeding, and the complications resulting from 
intrasomatic selection, make it all the more necessary to conduct many 
studies under different sets of conditions for a better understanding of 
the mechanisms interacting in them. These problems were amply brought 
out at the Symposium on the Effects of Ionizing Radiations on Seeds and 
Their Significance for Crop Improvement, organized jointly by the Inter­
national Atomic Energy Agency and the Food and Agriculture Organization 
at Karlsruhe, Germany, in August, 1960.
As with other aspects of research, irradiation studies in rice 
have also been few and sporadic until recently. The earliest studies 
(1917 - 1922) related to certain morphological and physiological 
attributes. A few papers relating to cytogenetical studies appeared 
during 1934 to 1940. Since 1950, there has been a slow increase in the 
number of publications. But considering the great importance of the 
crop and the large variation present, it is clear that more basic 
information is needed before irradiation can be employed in rice 
breeding. The present study was taken up with this idea in view.
In this study, dormant seeds of 3 rice varieties differing in 
their origin and time of maturity were irradiated with different doses
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of gamma rays at 2 intensities and also with a fractionated dose.
Their influence on germination, seedling survival, seedling height, 
frequency of chromosomal interchanges at meiosis, chlorophyll mutations 
and post-irradiation storage were studied. It is hoped that the data 
presented here will be useful in the planning of future irradiation 
studies in rice.
REVIEW OF LITERATURE
Because of an increasingly large volume of research being 
carried out iti radiation biology, it has now become difficult to keep 
up with the large number of publications even within a more specialized 
field of radiation genetics. The problem is, however, mitigated by 
the availability of a number of symposium proceedings, reviews, surveys 
and bibliographies. The publication of the book, "Actions of Radiations 
on Living Cells" by Lea in 1946 was the first attempt to consider the 
subject as an integrated whole. Since then, other publications in 
radiobiology have also appeared (Spear, 1953; Lea, 1955; Bacq and 
Alexander, 1961). The subject has also been presented as a series of 
reviews of selected topics (Duggar, 1936; Hollaender, 1954 - 1956;
Claus, 1958; Errera and Forssberg, 1961). Sparrow, Binnington and Pond 
(1958) published a bibliography on the effects of ionizing radiations on 
plants. It covered the period from 1896 - 1955, and included 2,586 
references. In his review on induced mutations, Prakken (1959) listed 
789 selected works. Some of the more significant publications that 
have come out since then are Breslavets (1946, English translation in
1960), Errera (1959), Hollaender (1960), Brookhaven Symposia in Biology 
No. 14 (1961), Proceedings of the Southeastern Seminar on Atomic 
Progress in Agriculture (Clemson College, 1961), Gunckel and Sparrow 
(1961), Effects of Ionizing Radiations on Seeds (International Atomic 
Energy Agency, 1961) and Symposium on Mutations and Plant Breeding
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(National Academy of Sciences, 1961). The recently started journal, 
Radiation Botany, may prove to be helpful in the future by channelling 
through one medium at least many of the findings in this field.
The Literature Review in this dissertation has been organized 
under the following headings:
1. Ionizing radiations, their nature and dosimetry.
2. ^General effects of ionizing radiation on biological systems.
3. Some cytogenetical aspects of irradiation.
4. Factors affecting radiosensitivity.
5. Radiogenetical studies in barley and rice.
1. Ionizing Radiations, their Nature and Dosimetry
A  number of authors have covered the general subject of radio- 
biology comprehensively (Hollaender, 1954 - 1956; Lea, 1955; Claus, 
1958; Bacq and Alexander, 1961; Errera and Forssberg, 1961). The 
fundamental aspects of the subject have been discussed, with special 
reference to their application in genetics and related subjects, by 
Catcheside (1948), Ehrenberg (1954, 1959, 1960), Torssell (1954),
Gunckel and Sparrow (1961) and Sparrow (1961). The following review 
has been prepared mainly from Catcheside (1948), Ehrenberg (1954, 1960), 
Bacq and Alexander (1961) and Sparrow (1961).
nThe general term radiation is applicable to many types of 
energy emission from either the nucleus of an atom or from its 
surrounding electron shells" (Hutchinson in Encyclopedia Americana, 
1961). They may be classified as electromagnetic and particulate.
The former are characterized by the massless transfer of energy quanta 
along straight line paths. In the order of decreasing wavelength,
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these may be broadly classified as radio, microwave, visible, ultra 
violet, x rays and gamma rays. Their energy is inversely proportional 
to their wavelength. Particulate or corpuscular radiations consist 
of streams of various kinds of atomic or subatomic particles. The 
chief types are alpha rays, beta rays, positrons, protons and neutrons 
(Hull in McGraw-Hill Encyclopedia, 1960).
Catcheside (1948) divides the genetically effective radiations 
into two kinds, ionizing and nonionizing. Ionizing radiations are 
those that are capable of producing ionization (ion pairs) when they 
interact with matter (Sparrow, 1961).
According to Lea (1955), the principal means of energy dissip­
ation by an ionizing radiation in its passage through matter is the 
ejection of electrons from atoms of the matter through which it passes. 
The atom so ionized is left positively charged and is referred to as 
an ion. While some actions of radiation of biological significance may 
be due to this separation of electrical charge, in most cases, it may 
be due to the chemical changes brought about in the molecule resulting 
from the ionization of the constituent atom (Lea, 1955).
Radiations may also dissipate energy in tissues by excitation 
(nonionizing radiation) (Catcheside, 1948). This means raising of an 
electron in an atom or molecule to a state of higher energy. It is a 
less drastic process than ionization (Lea, 1955).
The ionizing radiations are the alpha, beta and gamma radiations 
of radioactive substances, x rays, protons and neutrons. The only 
effective nonionizing radiation is the ultra-violet light (Catcheside, 
1948). While ionizing radiations are capable of both ionization and 
excitation, nonionizing radiations may cause only excitation. (Lea,
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1955) .
X rays and gamma rays are both electromagnetic radiations of 
very short wavelength. According to Bacq and Alexander (1961), the 
distinction between x rays, which are produced in generators, and 
gamma rays, which are given off by radioactive substances, has dis­
appeared except for their diverse origin. This is because powerful 
machines are now available which are capable of producing x rays within
the wavelength range of gamma rays. The average wavelength of gamma
■
rays given off by radium is 0.01A, while that of x rays from a con-
*
ventional 400 kv therapy tube is about 0.06A (1961). For most of the
biological experiments at the present time, x ray machines in the 50
60to 300 kv range and Co gamma ray sources are used (Bacq and Alexander, 
1961) .
The dose of radiation is the quantity of radiant energy delivered 
and it may be expressed as total dose, or in terms of dose rate with 
respect to time (Hugh, 1961). Rugh defined a chronic exposure as that 
which is delivered over a long period, at a low intensity and continu­
ously. A fractionated dose is discontinuous. An acute dose is 
generally a high level dose delivered in a few minutes or less. In 
any case reference is made to the dose delivered, eveti though in 
biological studies, it is the dose absorbed that is of importance 
(Rugh, 1961).
The effect of radiations on the biological system is determined 
by many factors, such as penetrability of different radiations in various 
kinds of organic materials, the distribution pattern of absorbed energy 
and the relative density along the path of the ionizing particle (Bacq
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and Alexander, 1961).
The following account is from Bacq and Alexander (1961) and 
Sparrow (1961). Irradiation involves the supplying of the irradiated 
object with energy. This energy can be expressed in ergs, or more 
commonly, in electron-volts (1 erg: 6.24 x 10"* million electrovolts).
Electromagnetic radiations are measured by the roentgen unit (r), 
which is "that quantity of x or gamma radiation such that the associated 
corpuscular emission per 0.001293 grams of air (1 cc air at standard 
temperature and pressure) produces, in air, ions carrying 1 electro­
static unit (esu) of electricity of either sign." This is equivalent 
to approximately 100 ergs per gram of water or tissue, or about 1.8 ion 
pairs per cubic micron. The rep (roentgen equivalent, physical) is a 
less commonly used unit and it is "that quantity of corpuscular radiation 
which produces in tissues, per gram of tissue, an amount of ionization 
equivalent to that produced by 1 roentgen of x rays in air." This is 
about 93 ergs per gram. Since the extension of a unit based on measur­
ing ion pairs is not suitable for energy absorption in condensed systems, 
a new unit has been proposed recently. It is the rad (radiation ab­
sorbed dose) and it is "the quantity of radiation which will result in 
an energy absorption of 100 ergs per gram of irradiated material."
The amount of radioactivity is determined by counting the number 
of particles emitted in a given time and it is commonly designated in 
curies. One curie is defined as 3.7 x 1 0 disintegrations per second, 
without regard to the number of particles released per disintegration, 
their energies or their properties. It is possible to convert a known 
number of disintegrations into a standard unit of dosage measurement,
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if both the number of particles emitted and their average energy are 
known (Sparrow, 1961).
Responses of different biological systems to the various 
radiations are compared by using such factors as relative biological 
effectiveness (RBE) , LD^q etc. (Rugh, 1961).
2. General Effects of Ionizing Radiations on Biological Systems.
The actions of ionizing radiations on biological systems are 
many and varied (Lebedinsky, 1958). Their effects may be direct or 
indirect; they may be manifested at the molecular or even submolecular 
level, at the cellular or cell population level or at the level of the 
whole organism (Lebedinsky, 1958). The biological responses may be 
immediate or delayed or both. Radiations produced both functional and 
structural changes and their effectiveness depends upon a number of 
factors including the amount and type of radiation, the reacting system 
involved and the chemical environment (Rugh, 1961). These aspects have 
been discussed in detail by Haddow (1952), Nickson (1952), Ehrenberg 
(1954, 1960), Ehrenberg and Nybom (1954), Hollaender (1954 - 56, 1960), 
Lea (1955), deHevesy,. Forssberg and Abbatt (1957), Claus (1958), Gray
(1958), Spear (1958), Errera (1959), Bacq and Alexander (1961), Errera 
and Forssberg (1961), Hutchinson (1961), Tahmisian (1961), and in the 
Report of the UN Scientific Committee on the Effects of Atomic Radiation 
(United Nations, 1958). In addition, the subject has been reviewed with 
special reference to plants by Gordon (1957), Gunckel (1957) and Gunckel 
and Sparrow (1961).
According to Hutchinson and Pollard (1961), there is as yet no 
precise theory on the biological action of radiation, and this is the
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result of the complexity of living processes and forms, and also of
the complex character of the ionizing radiations themselves. Grotthus
law states that only radiation which is absorbed can be chemically 
active and this principle is generally accepted (Gordon, 1957). This 
absorbed energy induces changes at the molecular level. This physical 
act ionizes and excites the individual atoms and makes the molecules of 
which they form a part in a highly excited state. In almost all cases, 
the molecules will undergo some change of configuration, and in many 
cases they will break up (Gray, 1956).
Bacq and Alexander (1961) have recently suggested that the sub­
sequent steps involved in radiation injury may be as given below. The 
structural changes in the molecules may be brought about through 2 main
mechanisms which cannot be separated in the living organisms.
a. The direct action, in which the molecule undergoing changes 
itself becomes ionized or excited by the passage through it 
of an electron or other atomic particle.
b. The indirect action, in which the molecule studied does not 
absorb the energy but receives this by transfer from another 
molecule. It is at this molecular step that the presence of
oxygen and of chemical protectors intervene. These agents
must be present during irradiation since the principal chemi­
cal changes occur within microseconds of the exposure of 
radiation.
The molecular changes may immediately bring about some physio­
logical changes which are often rapidly reversible and result in no
permanent damage. A cell that has received a lethal dose will not also
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show immediately any biochemical, histological or cytological changes.
But "biochemical lesions" may develop soon, first at the submicroscopic 
level and they may subsequently develop, over a variable period of time, 
into genetic damage or death due to the acute failure of any of the 
important functions.
It is now generally conceded that the classical concepts of 
"direct" and "indirect" action of Lea are not always so clearly sepa­
rated (Ehrenberg, 1954), and that there are in addition, differences of 
opinion among workers about the relative contribution of direct and 
indirect actions (Bacq and Alexander, 1961).
Water is an essential and major component of all biological 
systems and ionizing radiations are thought to act through the ionization 
of water and the formation of free radicals as suggested by Weiss in 
1944 (Ehrenberg, 1954). As summarized by Ehrenberg (1954), Lea (1955), 
Bacq and Alexander (1961) and others, the free radicals and ions so 
produced are extremely reactive and are consequently short-lived. The 
primary products of irradiated water are believed to be hydrogen and 
hydroxyl radicals. They may react with each other to form a primary 
chemical bond or, they may tend to become stabilized by gaining or losing 
an electron, or, in the presence of dissolved oxygen they may lead to 
the formation of other highly oxidative systems such as hydrogen 
peroxide and hydroperoxyl radicals. These have been suggested to be 
responsible for inducing the numerous reactions within the cell, such 
as oxidations and reductions of simple compounds, polymerization of 
unsaturated substances, inactivations and denaturations of enzymes, 
virus, proteins, etc. These are referred to as the indirect actions.
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The biochemical effects of irradiation have been reviewed by 
Gordon (1957), Errera (1959), Sparrow and Gunckel (1961) and others.
They are determined by assaying as soon as possible after irradiation, 
the biological and physicochemical properties of various cell components, 
whose integrity appears to be important for the economy of the cell.
According to Errera (1959) and Gunckel and Sparrow (1961), small 
molecules like coenzymes and hormones do not appear to be much altered 
immediately even with lethal doses. When their concentration is altered, 
it has been shown to be due to the inhibition of synthetic mechanisms or 
due to changes in cell wall permeability. The doses required to produce 
apparent damage in the structural components of macromolecules indicate 
that they are also not critical systems. Studies with DNA have been 
interpreted as showing structural degradation. Visible paling of irradi­
ated chromosomes has been suggested as resulting from the release of DNA 
from chromosomes (cf. Gunckel and Sparrow, 1961). The damage brought 
to the protein components of the molecule is also very considerable.
There is difference of opinion among workers as to which damage is more 
important in determining the effects of radiation on the nucleus (cf. 
Gunckel and Sparrow, 1961; Kelly, 1961).
It may be summarized that the physical-chemical aftereffects are 
probably due to slow degradation or denaturation of the molecule, but 
exactly how such molecular damage may lead to mutation, chromosome 
breakage and other effects, is not very clear. Many mechanisms have been 
proposed (Bacq and Alexander, 1961).
Among the various plant physiological processes, the conversion 
of tryphophan to indole acetic acid has been shown to be highly radio­
sensitive (Gordon, 1957; Gunckel and Sparrow, 1961; Kelly, 1961). The
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exact effect of radiation on respiration is not predictable. Irradi­
ation produces an immediate inhibition of CO^ fixation, but little 
effect on 0̂  evolution, thus suggesting independent action on the carbon 
cycle and photolytic systems. Gunckel and Sparrow (1961) have cited 
many authors as stating that a most constant finding in dividing tissues 
is the inhibition of DNA synthesis, and that the synthesis of RNA, 
proteins and liquids is not consistently affected by irradiation. How­
ever, in a more recent paper, Kelly (1961) has presented some evidence 
to point out that DNA synthesis, at least in some cells, is not so radio­
sensitive as it was believed to be, and also suggested that the 
inhibition of both nuclear protein and RNA synthesis in irradiated cells 
reported in some recent work, might probably be the result of inhibition 
of nuclear phosphorylation.
Recent studies (cf. Gunckel and Sparrow, 1961) indicate that 
inhibition of DNA synthesis cannot simply be related to chromosome damage 
or to loss of cell viability and that elimination or slowing of mitosis 
and DNA synthesis may be entirely different processes with different 
radiosensitivity. A  number of studies have also shown that the whole 
organism is more susceptible to radiation than the individual component 
parts and that various physiological processes differ greatly in their 
radiosensitivity. Much work has been done in enzyme activity of irradi­
ated plants, but neither the mechanism of inactivation, nor the nature 
or cause of enhanced enzyme activity, is adequately understood.
Sparrow (1961) has listed the following changes as occurring in 
the nucleus following exposure to ionizing radiations: gene mutations,
chromosome, chromatid or subchromatid aberrations, changes in chromosome
nunber, formation of binucleate or multinucleate cells resulting from 
the inhibition of the spindle mechanism, various effects on centromeres, 
on chiasma frequency and crossing over, inhibition of cell division, 
induction of mitotic activity, various kinds of sterility, death of 
nuclei or cells, and miscellaneous nuclear or chromosomal changes such 
as chromosome paling, chromosome stickiness, clumping, abnormal spiraliz- 
ation of chromonemata, persistent nucleoli and nuclear enlargement with­
out polyploidy. However, the most conspicuous damage to the nucleus 
lies in the chromosomes and irradiation with as low as 25 r may induce 
chromosomal aberrations (Sparrow, 1961).
Gunckel and Sparrow (1961) have reviewed the biochemical, physio­
logical and morphological effects of ionizing radiation on plants and 
have compiled a list of the various morphological effects reported in 
higher plants during the last 20 years. The abnormalities are expressed 
in a great diversity of form, position and degree. Growth is generally
in inverse proportion to the dose above a threshold level, which varies
widely with species and is influenced by a number/ of factors. They are 
of the opinion that while some of these changes may be due to mutations
or chromosomal aberrations, most of them should be considered as second­
ary effects of nongenetic, physiological disturbances.
3. Some Cytogenetical Aspects of Irradiation
The gravity of genetic effects of radiation is of a different
order of magnitude from that of all the other biological effects of 
radiation, because
(1) the genetic effects are essentially irreparable;
(2) if repeated they are cumulative over an unlimited period;
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(3) they tend to be not merely persistent, but self multi­
plying;
(4) They are, in different cases, of utterly diverse kinds; 
and
(5) they range from the mildest to the most radical (Muller, 
1954a).
It is probably because of this fact that a large volume of work 
is being done in this field. The subject has been reviewed from time 
to time by Oliver (1934), Goodspeed and Uber (1939), Gustafsson (1947, 
1961), Catcheside (1948), Giles (1954), Kaufman (1954), Muller (1954a, b 
1958), Torssell (1954), Lea (1955), Conger (1957, 1960), Konzak (1957), 
Sax (1957), Elliot and Nilan (1958), Osborne (1958), Smith (1958), 
Swanson (1958), Swanson and Merz (1958), Ehrenberg (1959, 1960), Prakken
(1959), Wolff (1960, 1961), Kihlman (1961) and Sparrow (1961). In 
addition, the subject has been covered specially in a number of symposia 
(Symposia on Quantitative Biology, Vol. 9 and Vol. 16; Discussion on the 
Present Status of Genetics, 1950; Symposium on Chromosome Breakage, 
1953; Brookhaven Symposia in Biology, No. 8 and No. 9; Conference on 
Chromosomes, 1956; Symposium on Radiation Genetics, 1957; Effects of 
Ionizing Radiations on Seeds, Proceedings of a Symposium, 1961).
The different types of radiation-induced genetic damage may be 
classified as intragenic and intergenic (Wolff 1960, 1961). The former 
constitutes the socalled 'point mutations', the true genetic mutations, 
whose exact nature is not very clear (Stadler, 1954; Muller, 1956). The 
latter involves structural changes in the chromosomes. It is now gener­
ally assumed that breaks are induced both by direct ionization within 
the chromosomes or chromatids, and indirectly by energy deposited near
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the chromosomes, that is, outside the target volume (Wolff, 1961). In 
its essentials this theory, called the "breakage-first" theory, was first 
proposed by Sax (1938), and subsequently, developed by Darlington and 
La Cour (1945) and, Catcheside, Lea and Thoday (1946). However, a new 
hypothesis called the "exchange hypothesis", and first put forward by 
Revell in 1955 is gaining wider support. According to this, radiation 
does not break chromatids, but induces a process akin to meiotic crossing 
over, which causes the appearance of aberrant chromosomes. (Bacq and 
Alexander, 1961; Kihlman, 1961).
According to the original concept (cf. Swanson, 1958; Wolff, 1960,
1961), the broken ends of chromosomes may either remain apart or rejoin 
in one of two ways - by restituting in the original configuration or by 
joining of the broken ends in new combinations - depdnding upon a number 
of factors. By remaining apart, deletions and fragments will be formed.
A  restitution will leave no visible effect. Joining of broken ends in 
new combinations will produce duplications, inversions and exchanges or 
translocations. Lea (1955) has calculated that about 15 to 20 ionizations 
are needed to induce a breakage and that 90 to 95% of the breaks 
restitute.
Most of the basic studies on chromosomal aberrations have been 
made in Tradescantia microspores (n = 6) and Vicia root tips (2n = 12). 
Different types of aberrations are produced depending on a number of 
factors. The classifications and terminologies proposed by Sax (1940) 
and Catcheside et al. (1946) are now generally used. Darlington and 
La Cour (1953) suggested a scheme for the classification of radiation 
effects at meiosis.
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Sax (1957) described recently the kinds of breakages produced by 
ionizing radiations. According to this, irradiation at the resting 
stage results in chromosome aberrations, the chromosomes behaving as 
if they are single threads. The aberrations include dot deletions, 
rod deletions, dicentric chromosomes and ring chromosomes. Inversions 
and free translocations are also produced, but they are not mitotically 
detectable most of the time.
Irradiation at prophase results in chromatid aberrations with 
both or only 1 of the 2 sister chromatids breaking at any given 
locus, and they may result in deletion of only one of two chromatids, 
the deletion of both chromatids to form isochroraatid aberrations, breaks 
and reunions in the chromatids of different chromosomes followed by 
illegitimate reunions to form chromatid dicentrics or chromatid 
exchanges, and breaks and reunions of chromatids of the same chromosome 
to form chromatid rings or exchanges (Sax, 1957). The chromatid exchanges 
or translocations can usually be detected at raetaphase only, but the 
chromatid deletions, isochromatids, dicentrics and rings can be recog­
nized at either raetaphase or anaphase (Sax, 1957).
Irradiation at very late prophase or prometaphase produces half­
chromatid or subchromatid aberrations. These may be abscured by sticki­
ness of chromosomes at medium and high radiation doses. The aberrations 
usually detectable only at anaphase include half-chromatid exchanges 
between sister chromatids, and more rarely between chromatids of 
different chromosomes (Sax, 1957).
Studies of chromosomal aberrations are generally believed to 
give a quantitative measure of the biological effects of radiation
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(Wolff, 1959). The most frequently studied aberrations are those that 
can be readily observed at metaphase in dividing cells, namely large 
deletions or asymmetric exchanges. Both of these scorable aberrations 
are cell lethals, but they probably have a simple relation to the total 
of all types of aberrations within a larger parental class and so provide 
an index of the viable aberrations also (Conger, 1957; Wolff, 1960).
Davidson (1960) reviewed the numerous past efforts made to 
establish correlation between frequency of chromosomal aberrations in 
the first mitosis of roots (and rarely of shoots) with characters of 
mature plants. Though a relation between the phenomena is acknowledged, 
he was of the opinion that it would be difficult to establish any correl­
ation because of many factors: (1) the operation of intrasomatic
selection; (2) the cells scored are not those in which the original 
aberrations occurred; (3) since the root and shoot meristems are 
structurally different, it would not be correct to assume that the chromo­
some behavior in young roots and mature shoots would be similar; (4) many 
chromosome aberrations are not detectable in mitosis. It is, however, 
generally conceded that in the absence of any direct methods of evaluat­
ing radiobiological damages, the extent of lethality, growth inhibition, 
mutation (particularly of chlorophyll) frequency and chromosome aberra­
tions can be taken as satisfactory indices of the extent of genetic damage 
(cf. Gustafsson, 1940, 1947; Catcheside, 1948; Muller, 1954 a; Ehrenberg, 
1959; Caldecott and North, 1961; Sparrow, et al., 1961).
To be of practical use, however, only the viable mutations 
(including the chromosomal) are of any value (Conger, 1957). Basic 
studies on visible structural aberrations are usually made in the first 
divisions following irradiation, where they occur in profusion. But
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they disappear very rapidly from a cell population at succeeding 
divisions, consequent on the loss of chromatin material (Conger, 1957; 
Swanson, 1958). Thus, mitosis is a purging process for cells bearing 
deletions, dicentric and acentric exchanges, anaphase bridges and 
fragments and so on. Independent of these cytological effects, genetic 
elimination may also result from true lethal mutations (Conger, 1957).
There is a more important process of cell elimination in a devel­
oping embryo or bud following irradiation. Termed "intrasomatic 
selection" (Kaplan, 1951) or "diplontic selection" (Gaul, 1959), this 
phenomenon was first recognized in Germany about twenty years ago in 
the radiation breeding of barley by Friesleben and Lein in 1943. By 
this, the mutated cell may be outdivided and overgrown by a much larger 
number of unchanged and more competitive cells around it, and thus left 
behind. This may result either in the complete elimination of mutated 
but viable cells, or in the formation of chimeras. These chimeras may 
be formed in such a way that the mutated cell may never reach the 
propagating tissue (Conger, 1957). The phenomenon of diplontic selection 
is now receiving increasing attention in the radiation breeding of 
cereals (Gaul, 1958, 1959, 1961 a, b; Bekendam, 1961 a; MacKey, 1961; 
Swaminathan, 1961; Mericle and Mericle, 1961).
Some aberrations such as reciprocal translocations, inversions 
and some very small deletions survive through repeated mitoses and become 
cytogically visible at meiosis (Conger, 1957) as quadrivalents and other 
multivalents, bridges and fragments, etc. In the heterozygous state 
they result in semisterility and may thus be detected genetically also.
A  survey of literature shows that reciprocal translocations are the 
most common chromosomal aberrations noted in the meiosis of pollen
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mother cells of plants raised from irradiated seeds. Burnham (1956) has 
given an extensive review of the phenomenon in all its various aspects. 
Reciprocal translocations are the result of exchanges or interchanges 
between nonhomologons chromosomes. Of all the exchanges possible inter­
changes are considerably more frequent than intrachanges, while 
asymmetrical interchanges are somewhat lower in frequency than symmetri­
cal ones (Swanson, 1958).
Much of the quantitative relationships between dose, intensity 
and fractionation, and chromosomal aberration were established in 
Tradescantia microspores by Sax (1938, 1940, 1941, 1957 and others), 
and these have since been corroborated by subsequent workers in both 
Tradescantia and in some other species. These studies have been 
reviewed by Catcheside (1948), Giles (1954), Lea (1955), Swanson (1958) 
and Wolff (1961) . The following summary has been prepared from these • 
reviews.
The various induced chromatid and chromosome aberrations are 
referred to as ,rone-hit,r and two-hit1* types, the term **hitir referring 
to the path of the ionization presumed to be responsible for the 
initial breakage. The one-hit aberrations are terminal chromosome and 
chromatid deletions, and some isochromatid and interstitial chromosome 
deletions. The two-hit aberrations are the symmetrical and asymmetrical 
inter and intra changes of chromatids, and rings, dicentrics, reciprocal 
translocations and some interstitial deletions in chromosomes.
Chromatid deletions are one-hit aberrations and they show a 
linear relation to dose. They are independent of intensity and there 
appears to be no threshold dose below which they do not appear to occur. 
Chromatid and chromosome exchanges are two-hit aberrations, the breakages
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being induced separately with sparsely ionizing radiations. With high 
intensities (ca. 15 r/minute), their frequency is nearly proportional 
to the square of the dose, but when the intensity is lowered, the 
power of the dose is also lowered. The dose-squared relationship is 
also obtained if the exposure time is kept constant, with the intensity 
varied accordingly. The isochromated deletions and the interstitial 
chromosomal deletions constitute both one-and two-hit aberrations, and 
their frequency increases approximately as the 1.5 power of the dose.
It may be added here in passing that with neutrons and alpha particles, 
all aberrations show a linear relation to dose, indicating that these 
particulate, densely ionizing radiations are capable of breaking more 
than one chromosome during the passage of a single ionizing particle 
through the nucleus.
The effect of intensity on the yield of exchange aberrations 
shows that with constant dose, there is a gradual drop in yield with 
x rays, as the intensity is lowered. This has been attributed to 
restitution continually taking place, and since restitution and recombi­
nation are competitive processes, fewer and fewer broken ends will be 
available at any one time for recombination, as the time between their 
formation is lengthened. A  similar phenomenon is believed to operate 
with dose-fractionation also. Thus, it may be seen that with low dose 
intensities or with dose-fractionation, the time during which the 
breaks stay open becomes important in determining the frequency of two- 
hit aberrations. This time may vary widely from four minutes in 
Tradescantia chromatid breaks (Lea, 1955), to several hours for chromo­
some breaks in seeds (Wolff, 1954; Cohn, 1958), and to several days in 
Drosophila sperm (Muller, 1954 b ) . There are also some spatial
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limitations on the production of two-hit aberrations. Lea (1955) 
calculated that for an interchange to occur, the breaks should occur 
within one micron of each other. While this has generally been 
accepted, Atwood (cf. Wolff, 1959) recently calculated that the distance 
should be less than 0.1 micron.
Muller (1954 a, b) found that the frequency of induced trans­
locations in irradiated Drosophila sperm increased as the 1.5 power 
of the dose, and that there was no decrease in aberrations with low 
intensity radiations or with fractionated doses. This is because the 
breaks can remain open for many months in Drosophila sperm.
The various aspects of induced point mutations have been exten­
sively reviewed (Stadler, 1954; Muller, 1954 a, b, 1956, 1958; Symposia 
on Quantitative Biology No. 9 and 16, Brookhaven Symposia in Biology No. 
8; Conger 1960; Wolff, 1961; Symposium on Mutation and Plant Breeding, 
National Research Council, 1961). As Conger (1960) has summarized about 
its induced quantitative aspects, in general, it seems that the primary 
yield of mutations increases linearly with dose of ionizing radiation 
for the most carefully analyzed cases, and the intensity is generally 
thought to be without effect over a very wide range.
In recent years, considerable work has been underway to study 
the effect of different environmental conditions on the radiation- 
induced genetical and cytogenetical effects when applied before, during 
and after irradiation. These have been recently reviewed exhaustively, 
(Hollaender, 1960; Brookhaven Symposia in Biology No. 14; Oak Ridge 
National Laboratory, 1961).
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4. Factors Affecting Radiosensitivity.
The related terms radioresistance and radiosensitivity do not 
have any absolute meaning, since even within a biological system one 
physiological process may show more resistance or sensitivity than 
another (Lea 1955). However, in the present review, the terms are 
used in relation to their effects on such characters as chromosome 
aberrations, lethality, growth inhibition and other morphological 
characters. In addition to the treatment in the general reviews on 
radiation genetics referred this aspect has also been specially 
discussed by a number of authors (Nilan, 1956, 1960; Smith, 1958; Holla- 
ender, 1960; Wolff, 1960, 1961; Evans and Sparrow, 1961; Gunckel and 
Sparrow, 1961; Kelly, 1961; Konzak et̂  al., 1961; Nilan and Konzak, 1961; 
Sparrow, 1961; Sparrow e£ al., 1961; Sparrow and Evans, 1961). The 
fundamental aspects of radiosensitivity were also covered extensively 
at two recent symposia (Brookhaven Symposia in Biology No. 14 and Oak 
Ridge National Laboratory, 1961).
Konzak et al. (1961) have classified the various factors affect­
ing mutagen sensitivity as follows:
1. Factors affecting system capacity: genetic differences,
metabolic activity and stage of cell division, biological 
recovery and repair mechanism.
2. . Factors affecting the number of damaging reactions: intra­
cellular concentration of reactive species, kinetics of 
reactions (type of agent, concentration or dose of agent 
applied, atmosphere, solvent, temperature, pressure, time 
hydrogen ion concentration), physical energy absorption, 
transfer and stabilization (ionization, excitation, resonance,
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emission, radical formation).
3. Factors affecting biological specificity: hydrogen ion
concentration, stability towards nucleophilic substances, 
concentration of reactive molecules, proximity of reactive 
agent to sensitive sites, structure, time and supplementary 
treatment.
The generalizations made by Bergonie and Tribondeau in 1906, 
often referred as the Bergonie-Tribondeau law, that the radiosensitivity 
of cells is related directly to their degree of differentiation, has 
found considerable substantiation when extended to apply to whole 
organisms, especially in regard to lethality responses (Mericle and 
Mericle, 1961).
Sparrow et al. (1961) studied the radiobiological responses 
of a large number of species of higher plants under both chronic and 
acute radiations and made the following observations. The yield of 
somatic mutations was reduced by dose fractionation. To produce 
equivalent effects, the required acute dose averaged about 13 times 
the daily chronic dose. By using the degree of growth inhibition as 
a measure of radiation damage, it was found that the various taxa 
differed in their tolerance by a factor of at least 1,000. When species 
known to be polyploids were eliminated, the difference was still at 
least 250-fold. In diploid plants with larger nuclear volume, the 
sensitivity of the nucleus and ultimately of the whole plant increased, 
and further increasing the chromosome number without polyploidy and 
without a change in nuclear volume, had a protective effect. Thus, 
a more sensitive species was one with the higher average DNA and lower 
chromosome number, or alternately, a high DNA content per chromosome.
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Thty further suggested that a constant or nearly constant number of 
ionizations per nucleus is required to produce growth inhibition or 
death, which supports the concept that a cluster effect, such as 
chromosome breakage, may be the critical event, and differential 
sensitivity results in part from the doses required to produce a 
unit number of breaks in nuclei of different average volumes.
Because of its numerous advantages, seedb are the most used 
material for irradiation in mutation breeding. More recently, 
their usefulness as research material in biophysical and biochemical 
studies in radiobiology has also been increasingly recognized (cf. 
Konzak, Nilan, Harle and Heiner, 1961). Dry seeds are relatively 
inactive metabolically, so the effects of irradiation can be modi­
fied experimentally without the immediate intervention of active 
cell metabolism. The important discovery of Thoday and Read (1947) 
that more chromosomal aberrations are formed if Vicia faba root tips 
were x-irradiated in the presence of oxygen than anoxically, led to 
a number of studies being initiated to find out the effect of other 
enviornmental factors, before, during and after irradiation, on the 
modification of radiation-induced injury in organisms. Most of the 
work on seeds has been done in recent years by Caldecott, Conger, 
Curtis, Ehrenberg, Gustafsson, Konzak, Nilan and Osborne, and has 
been reviewed by Davidson (1960), Ehrenberg.(1960), Nilan (1960), 
Caldecott and North (1961), Conger (1961), Konzak, Nilan, Harle and 
Heiner (1961) and Konzak, Nilan, Legault and Heiner (1961).
Davidson (1960) has classified the factors affecting radiosen­
sitivity of seeds as follows;
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1. Those operative before irradiation: storage conditions, 
composition of atmosphere, humidity, temperature, degree 
of ploidy, size and age of seeds, seasonal conditions when 
produced.
2. Those operative after irradiation, but before germination 
when irradiation and germination are separated by time: 
water content and changes in water content, temperature 
and composition of atmosphere.
It has long been known that dry seeds, being relatively inactive 
physiologically, are more radioresistant than growing roots and plants, 
and that as the seeds age, some chromosomal damage appears in them 
spontaneously (Davidson, 1960; Bacq and Alexander, 1961). This latter 
observation, and the greater radiosensitivity of aged seeds noted 
by many workers have been explained by D'Amato and Hoffmann-Ostenoff 
(1956) as being caused by chemical substances accumulated as respiration 
by-products contributing to an increased spontaneous mutation rate.
Early workers reported a simple positive relationship between 
water content of dormant seeds and radiosensitivity, and also enhanced 
effects with post-irradiation storage, but recent work has shown that 
the relationship is not so simple as that (cf. Caldecott and North, 1961; 
Davidson 1960; Nilan and Konzak, 1961). Firstly, it is necessary to 
distinguish between the moisture content of the endosperm and of the 
embryo, and also that it is the moisture content of the embryo and not 
of the endosperm which determines radiosensitivity. In dormant seeds 
with 5 to 20% moisture, moisture content of the endosperm is usually 
2 to 3% higher than that of the embryo; also, if dry seeds are exposed
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to humid conditions, it takes the embryo only about two hours to 
absorb all the water needed to completely alter the status of radio­
sensitivity, while the endosperm by then, would have absorbed only 
2 to 3% water (Caldecott, 1955 a, b; Konzak, Nilan, Harle and Heiner, 
1961). .
The studies of Caldecott, Ehrenberg, Konzak and Nilan have 
shown that the effects of x and gamma rays on barley, measured in 
terms of frequencies of chromosomal aberrations and inhibition of 
seedling growth, decreases as the water content of the embryo increases 
from 4 to about 12 to 16%, then a plateau is attained, and thereafter 
the water content above about 20% moisture proportionately increases 
radiosensitivity. While relative frequencies of chlorophyll mutations 
is not affected by water content, Caldecott (1958) showed that the 
absolute number of mutations and chromosomal aberrations obtained at 
equal survival values, was about three times greater in seeds with 
an embryo water content of 16% than those with 4 to 8%. This means 
that more genetic variability is obtained in populations originating 
from seeds that had a high embryo water content.
Post-irradiation storage of seeds affects the radiation damage 
strikingly. As Nilan (1960) summarized it, aftereffects can be 
detected in irradiated seeds by an increase in biological damage a 
few minutes after the treatment and can continue for many weeks after 
irradiation; the presence of oxygen enhances, while nitrogen or low 
temperature retards aftereffects. Post-irradiation damage occurs only 
in dry seeds (4 to 8% moisture) and not in those with 16% moisture 
or above, and hence for control of dosage effects in mutation breeding
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experiments, seeds at 16% moisture should be used.
Temperature has also a marked influence on the radiation 
response of seeds. Gustafsson (1938), and other subsequently, 
observed that storage of irradiated seeds at room temperature for 
1 to 9 weeks, increased seedling injury and chromosome aberration 
injury. Nilan (1960) noted that no aftereffects developed in seeds 
if they were irradiated and held at dry ice (ca. - 80° C) temperature, 
that pre-irradiation heat treatments reduced the injury, while post­
irradiation treatments increased the injury observed. Both effects 
were in almost direct relation to increasing temperatures. In his 
review, however, Davidson (1960) has remarked about the several 
conflicting reports of earlier workers on the effects of temperature.
It may be presumed that this is because most of them were unaware of 
the tremendous influence of the moisture content of seeds on pre- and 
post-irradiation effects.
In recent studies, Caldecott and North (1961) used dormant 
barley seeds with an embryo water content of 4% and found that the 
interchange frequency increased exponentially with dose when seeds 
are hydrated aerobically immediately after x irradiation, but linearly 
with dose when hydrated anaerobically. For both conditions of hydra­
tion, the mutation frequency increased linearly with dose, but aerobic 
hydration resulted in the production of more mutations per roentgen 
than anaerobic respiration. Pre-irradiation temperature treatment 
for 24 hours at 75° C. showed a protective effect over a wide range 
of x ray doses under both aerobic and anaerobic conditions of hydration, 
but was not associated with a detectable change in water content. At
30
the same time, a short post-irradiation storage temperature of either 
75° C or 859 C generally enhanced the rate of increase in injury 
that was observed during post-irradiation storage at room tempera­
ture.
Oxygen-effects and aftereffects in irradiated barley seeds 
increased radiation-induced damage (Nilan and Konzak, 196L). These 
workers found that when seeds at 4% moisture were gamma-rayed with 
10 kr to 60 kr, and then were either planted immediately, or stored 
in oxygen or nitrogen for 1 week before planting, severe aftereffects 
on seedling height occurred in the oxygen-stored seeds; whereas these 
were considerably fewer in nitrogen-stored seeds. While a typical 
dose-response was exhibited by seeds planted immediately after 
irradiation, no such dose-response occurred in irradiated, stored -- 
seeds. Nilan and Konzak (1961) observed that these oxygen-and after­
effects can be controlled, since they occur only slightly in seeds 
with over 12% moisture and are even more reduced if these moist seeds 
are partially evacuated of oxygen and then irradiated at dry ice 
(-78°) temperature.
Curtis, et al. (1958) suggested the following possibilities 
for the post-irradiation storage effects on dormant seeds:
1. Radiation causes molecular breakdown releasing toxic 
substances which continue to produce damage until they 
are inactivated or removed as when water is added to 
induce cell division.
2. Chromosomes broken by radiation may restitute rather 
easily if cell division takes place soon after the
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irradiation. If cell division is delayed, the broken 
chromosomes may drift so far apart that restitution may 
become difficult.
3. Radiation produces a "metionic reaction" resulting from 
the excitation or ionization of specific target mole­
cules which may persist for long times in this state.
t.
If an ionized molecule can gain an electron, it will 
be restored to normal. If it comes in contact with 
some reactive molecule such as oxygen before it gains 
an electron, a reaction takes place which renders the 
molecule irreparable.
Recent studies using, among others the electron spin reson­
ance (ESR) techniques, have indicated that the storage effect is 
possibly due to the decay of long-lived free radicals (para­
magnetic centres), which combine with biologically important mole­
cules in dry seeds. In wet seeds these radicals react with water 
molecules and hence are not biologically very active (Ehrenberg,
1960; Conger, 1961; International Atomic Energy Agency, 1961; Oak 
Ridge National Laboratory, 1961).
5. Radiogenetical Studies in Barley and Rice.
This section will review primarily the results of meiotic 
studies following irradiation and also of chlorophyll mutations in 
R 2 generations. Barley has been chosen not only because it is the 
most radiogenetically studied cereal, but also because it, like rice, 
is considered to be a diploid species of a self fertilized small grain.
Barley along with corn and tobacco were the first plant species
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to be used in radiogenetical studies. Most of the work in barley 
has been done by Stadler, Smith and Caldecott in this country, by 
Friesleben, Lein, Kaplan and Gaul in Germany, and by Ehrenberg, 
Froier, Gustafsson, Hagberg, MacKey and von Wettstein in Sweden.
The work has been reviewed by Goodspeed and Uber (1939), Gustafsson 
(1947, 1961), Mackey (1951), Smith (1951), Torssell (1954) and 
Froier et al. (1959).
In his first paper on irradiated barley, Stadler (1928) 
recognized the necessity for considering each spike or tiller as 
the unit for induced mutational studies. Using x rays and radium 
on germinating seeds, he obtained 48 mutations for distinct seedling 
characters, which included almost all the seedling characters of 
barley previously reported, and several not previously recorded. 
Post-irradiation treatment with certain chemicals was reported to 
increase mutation frequency. Stadler (1929) calculated that the 
induced mutation rate was 4.9 + 0.9 x 10 per r unit. In his first 
four years of work, Stadler (1930) could not find any clear case 
of dominant mutation. Since over 90% of the induced mutations were 
recognizable in the seedling stage, he suggested the use of seedling 
mutations alone to measure the mutation rate. Most mutations con­
sisted of chlorophyll deficiencies and were lethal. The recessive 
condition of all the induced mutations caused him to suggest that 
the x ray treatment induced the destruction of the dominant genes.
While summarizing the induced mutational work in plants until 
then, Stadler (1936) observed that in barley, the rate of mutation 
was roughly proportional to the total "intensity" (dose), and that
the induced mutational rate was increased about eight-fold when 
germinating seeds were used for irradiation instead of dormant 
seeds. He also observed that 95% of seedling mutations were 
for chlorophyll deficiencies. Temperature, either during or 
after irradiation, did not have any effect on mutation rate.
Gustafsson (1940) recognized 9 different types of chloro­
phyll mutations from x rays. Of these, 5 appeared more frequently 
namely, albina, xantha, albo-viridis, viridis and tigrina. Albina 
was said to arise independently of R-̂  sterility, xantha in the off­
spring of slightly sterile Rx plants (70 to 90% fertility) but 
not in those with 90% fertility and above, and viridis in those 
with 0 - 30% and 30 - 70% fertility. He described them as follows: 
(1) Albina: Below the "chromophoric threshold", no carotenoids
or chlorophylls are formed. (2) Xantha: Only carotenoids are
produced; seedlings contain no chlorophylls. (3) Alboviridis: 
Different colors at the base and tip of the leaf such as base 
yellow-tip white, base green-tip white, etc. (4) Viridis: A
heterogeneous group characterized by a uniform yellowish-green or 
light green color occurring at the seedling stage. (5) Tigrina: 
Transverse destruction of pigments. The transverse stripes are 
usually brown or yellow, narrow and pinched.
Smith (1946) observed that with x ray doses of 16,000 r,
27.000 r and 37,000 r, diploid barley and the corresponding tetra- 
ploids, did not show any consistent difference in germinability, but 
that the seedling height was more reduced in the diploid. With
10.000 r, the number of bridges in root tip cells in the diploid 
and tetraploid controls, and in the irradiated diploids and tetra-
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ploids were 0.12, 0.05, 0.98 and 1.99 respectively. He also noted 
that tetraploids generally showed greater tolerance to radiation in 
terms of seedling survival than diploids.
Gustafsson (1947) surveyed extensively the mutational work done 
in agricultural plants since the beginning, with special emphasis on 
Swedish work in barley. He recognized 3 groups of induced mutants:
(1) chlorophyll mutants; (2) sterility and lethality mutants; and 
(3) "vital mutants", subdivided into morphological and physiological 
mutants. Strains obtained from hybrids were found to be considerably 
more mutable than pure lines. The environment (eg. heat treatment, 
old age) had considerable modifying influence on mutation rate, corre­
sponding to an x ray dose of about 500 r. One induced morphological 
mutant, fertile or infertile, was said to correspond in frequency of 
occurrence to 22 chlorophyll aberrants, to 15 mutants that prevented 
normal meiosis and gamete formation, and to about 30 cases of "trans- 
location sterility". Favorable mutations occurred at the extremely 
low frequency of 1 in 700 to 800 mutants. He also noted that post­
irradiation seed storage intensified radiation effects and that varie­
ties differed in their radiosensitivity. The total frequency of 
chlorophyll mutations in the R£ generation was calculated as 1  13 x 
10 per x ray unit per plant progeny, and in the Rg as +  30 x 10"^:
Smith (1950) studied the effects of atomic radiation from the 
Bikini test explosion on 2 varieties, and compared this with both the 
controls and seed exposed to different x ray doses. There was little 
effect of any radiation on germination. The frequency of ring quad- 
rivalents in meiosis was 0.24 per spike in bomb-irradiated plants
t
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and 0.16 per spike in those exposed to 16,000 r. About chloro­
phyll mutations in R£ generation, the author observed mutations 
in 0.44% of spikes in the control (1 year old seed), 7.4% in 
bomb-irradiated and 5.4% in those exposed to 16,000 r of x rays, 
with the ratio of normal to mutant seedlings in progenies segre­
gating mutants calculated as 8.5:1, 4.0:1,and 4.3:1, respectively.
Caldecott and Smith (1952) studied the frequencies of chromo­
some aberrations in root tip mitosis and in microsporogenesis 
following x-irradiation of seeds with 12 doses ranging from 250 r 
to 32,000 r. From their studies they suggested that microsporo- 
cytes and probably also the megasporocytes, in a barley spike were 
derived from a single cell of the dormant embryo and that the chromo­
somes in the resting embryo usually responded to irradiation as if 
they were monopartite. Union of 2 acentric fragments took place 
only very rarely, and then they were apparently unable to proceed 
beyond the resting stage of the first division. Meiotic studies 
in 3,509 spikes showed that 371 of them had a ring of 4 chromosomes, 
32 had 2 rings of 4 chromosomes, 18 had 1 ring of 6 chromosomes, and 
1 each had a ring of 8 chromosomes, and rings of 4 and 6 chromosomes. 
The number of interchanges per spike increased approximately with 
dosage to reach a maximum at 20,000 r with 0.54, and then it levelled 
off. The number of paired bridges at somatic anaphase and of inter­
changes at meiosis occurred with similar frequencies at different 
doses.
While studying the relative effectiveness of different ionizing
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radiations, Caldecott (1955c) noted that reciprocal translocations 
were the only detectable abnormality at meiosis, and that their 
frequencies increased linearly with dose. At 25,000 r, there were
31.1 interchanges per 100 spikes. A significant number of "pseu- 
do-iso-chromosomes" were also observed. A linear relationship 
between the frequency of seedling mutations and dose was also 
recorded.
Torssell (1954) presented a comprehensive account of the 
first 25 years of plant mutational work carried out in Sweden.
In this, Nybom (1954) reported on about 200 different cases of 
vital, visible mutations, covering practically all those that 
have been recorded to have occurred in nature. Almost all of 
them were recessive in nature. Hagberg (1954) summarized the 
cytogenetical studies of erectoides mutants. Other aspects of 
barley mutational work were reported by Froier and Akerberg, 
Gustafsson, MacKey, Nybom and von Wettstein.
Burnham and Hagberg (1956) studied the cytogenetics of 40 
interchanges, and found that although all the possible combinations 
were obtained, some occurred in greater frequencies than others.
Yamaguchi (1958 a, c) found that the growth-dose curve was
sigmoid, that the average spike fertility decreased linearly
\
with dose. While at low doses, the frequencies of mutations per 
spike progeny and per unit dose were almost constant, there was a 
drop in the amount of effect produced per dose unit at higher doses. 
Yamaguchi (1958 d) found further that the frequencies of chlorophyll
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deficient mutation and survivals at maturity showed no changes 
with 2 fractionated doses of 10,000 r of x rays each. However, 
the fractionated doses gave a different relative frequency of 
chlorophyll mutants as compared with a single dose in producing 
more albino and viridis types.
Results of the recent studies in Sweden have been reviewed 
by Ehrenberg, Gustafsson and von Wettstein (1956), Hagberg, 
Gustafsson and Ehrenberg (1958), and Borg, Froier and Gustafsson 
(1958). They studied the nature of many morphological and physio­
logical mutants using cytogenetical and biometrical techniques, 
and concluded that there are different mechanisms of mutations 
acting on separate loci, when different kinds of mutations are 
applied. They also stated that erectoides mutations of most loci 
arise in consequence of intragenic or point changes, but that some 
require chromosome breakage for their origin, or at least such a 
pronounced ionization effect at the locus affected that chromo­
some breakage may often result simultaneously with the mutation.
Out of 69 localized erectoides studied covering 22 different loci, 
at least 7 were involved with translocations. Of the total 2 were 
dominant mutations.
Heiner, et al. (1960) found that with gamma irradiation, the 
highest percentages of mutated plants and spikes were obtained with
60,000 r to 80,000 r and then dropped off, while the percentage of 
R 2 mutant seedlings increased with dose. Ehrenberg, Gustafsson and 
Lundqvist (1961) found that with x rays, usually about 10 to 11% of 
of the spike progenies gave chlorophyll mutations, and that the
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relative frequencies of albino, viridis and other chlorophyll 
mutations were 38%, 44% and 18%, respectively. For each per 
cent increase of the induced mutation rate, the average rise in 
sterility was about 5.1%.
In a recent paper evaluating the usefulness of radiations 
in plant breeding, Gustafsson (1961) observed that a treatment 
of dormant seeds with a dose of 10,000 r will produce 45 to 50% 
detectable total mutations, including translocations and calcu­
lated per spike progeny. If small modifying mutations with normal, 
semi normal or slightly decreased viability are also taken into 
consideration, then almost every spike progeny will contain a 
mutation. According to him, out of 1,000 induced mutations, 8 
to 10 mutations may involve morphological mutations of a more 
or less drastic type, less than half of these may be erectoides 
mutants, and one-tenth of this latter may have full viability.
In recent years, Gaul (1958, 1959, 1961a, b) and Gaul and 
Mittelstenscheid (1960) in West Germany, have made studies on the 
effect of diplontic selection on the frequencies of induced muta­
tions. They have found that mutation frequency will be highest 
in the first 4 or 5 tillers whose primordia will already be pre­
sent in the embryo of dormant seed. As the tiller number increases, 
a significant and continuous decrease in number of mutations is 
noted with later-formed spikes. Sterility is also higher in the 
early-formed tillers and the mean sector size of the mutated spike 
increases with dose. Based on their results, the authors also
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suggested that the generative tissue of each of the originally- 
present tiller primordium in the embryo consists of about (or 
exactly) 4 cells.
Gaul (1960) also made a critical analysis of 4 methods of 
measuring the mutation frequency when seeds are used for mutagen 
treatment. They were: (1) the number of mutations per 100
inflorescence sectors, (2) the number of mutations per 100 
spikes, (3) the number of mutations per 100 R^ plants, and (4) 
the number of mutations per 100 R£ plants. According to Gaul, 
though the first method is nearest to the ideal theoretically, 
the most practically feasible method is the second one, especially 
if the tiller number can be kept low.
Radiobotanical work in rice has been meagre until recently.
In the bibliography covering the period, 1896 to 1955, Sparrow, 
et al. (1958) listed 26 publications on rice. In the present 
review, it was possible to collect 40 papers for the 4 years 1958 
to 1961 alone.
The earliest traceable reports on the effects of irradiation 
on rice were by Yamada (1917) and Nakamura (1918) (cf. Breslavets, 
1946), both of whom reported increased yields with exposure of 
seeds to x rays. Komuro (1923) observed that x rays acted as posi­
tive stimuli at moderate doses, but caused damage at higher doses, 
and it was proportional to the moisture content of seeds.
Ichijima (1934) t?.-eated plants with x rays and ultraviolet 
rays, and obtained in the segregating generations all of the kinds 
of mutants that had previously been reported in nature. He also
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obtained some chromosome variants, such as haploids, trisomics, 
triploids and tetraploids.
Imai (1935a, b) treated rice plants with x rays at about 
microsporogenesis time and found that while the controls gave 
0.08% progenies with chlorophyll mutations, their frequency was 
1.14% with the treated ones. Cream and chlorina mutants occurred 
3 to 4 times more frequently than those of xantha and white. Imai 
and Kasahara (1937) found that 2.37% of panicle progenies had 
chlorophyll mutants when irradiated seeds were used in the study.
Kanna (1935) described 12 phenotypes for chlorophyll deficiency 
in the material obtained by Imai (1935b). All of them behaved as 
monogenic recessives. Oryozi (1936) reported on x ray induced 
mutations, one of which was for a chlorophyll deficiency.
Ramiah, Parthasarathy and Ramanujam (1935), and Ramiah and 
Parthasarathy (1936, 1938) obtained a number of mutant forms 
from 3 varieties after x-irradiation. One plant showing 60 to 70% 
pollen grain abortion, was seen to have a ring or chain of 4 
3 chromosomes in all of the PMCs studied (Ramiah, et al., 1935),
Parthasarathy (1939) studied the cytology of a semisterile mutant 
and found it to be a reciprocal interchange heterozygote.
Nishimura and Nakamura (1949), Nagamatsu (1950), Nishimura 
(1950, 1957), and Murati and Moriwaki (1956) studied the progenies 
of rice plants exposed to atomic bomb radiation in Hiroshima. At 
the time of explosion, the plants were about a month before flowering. 
Samples were collected from different distances from the center of 
explosion. The frequencies of abnormal plants and extent of sterility
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were found to decrease with increasing distance, Cytological studies 
of 52 ever-segregating partially-sterile strains showed that 29 had 
a ring or chain of 4 chromosomes.
Oka, Chang and Hong (1953) studied the cytology of some semi-
sterile cultures selected in R and R generations and found that3 4
20 to 40% EMCs studied contained rings or chains of 4 chromosomes. 
Rarely, 2 univalents and 1 to 6 fragments were also noticed. Oka, 
Hayashi and Shiojiri (1958) studied the variability of induced muta­
tions of polygenes for quantitative characters in the R,. and R^ 
generations. They found that while the mean value of the irradiated 
populations did not differ significantly from those of controls, the 
range of variability within the former increased, indicating that a 
symmetrical increase of variability in both the high and low directions 
were induced in them. Hsieh (1959) also made similar observations.
Beachell (1957) irradiated seeds of 2 varieties with varying 
doses of x rays and thermal neutrons and noted that seedling height 
and sterility decreased with increasing dosage. Shah, Beachell and 
Atkins (1961) conducted morphological and cytological studies in 1 
R2 and 20 R,. lines, and obtained a number of interesting and valuable 
mutants. Meiotic studies showed many kinds of abnormalities, like 
univalents, trivalents, quadrivalents, fragments and also 1 tetra- 
ploid plant.
Chang and Hsieh (1957) and Hsieh (1959) found that while seed­
ling lethality and sterility tended to increase with increasing 
doses of radiation, the quantitative characters studied (height, 
tiller number, and number, length and weight of panicle) were not
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markedly affected. Over 10% of the plants of 1 variety showed 
cream, albino and variegated mutants, and these were suggested 
to be plastid mutations.
32Masima and Kawai (1958) used the radioisotope P in disodium 
hydrogen phosphate nutrient solutions to induce mutations. Com­
plete sterility was obtained with 50 to 20 microcuries per seed 
and LD^oO about 30 microcuries per seed. Meiotic studies
revealed the occurrence of 1 to 2 ring quadrivalents, absence of 
pairing and a few fragments. Kawai, Sato and Masima (1961) were 
able to select shortculm types in the to R^ generation following 
a dose of 12.5 microcuries per seed.
Bora and Rao (1958) treated dormant seeds with 75,000 r of
c
x rays, and found that the plants recovered after an initial period 
of slow growth. A  plant which showed mostly quadrivalents and hexa- 
valents at meiosis, gave in its progeny, 17 out of 21 plants with 
normal pairing and the rest with varying amounts of single quadriva­
lents.
Lamarque, et al. (1958) investigated the physiological and 
genetic effects of x and gamma rays on the number of varieties.
Dry and presoaked seeds did not show any differential sensitivity. 
Both germination and growth rate decreased with increasing dosage. 
Lethal effect appeared from 15,000 r and only 3% plants survived to 
two-leaf stage at 50,000 r.
Ouang and Chang (1958) x-irradiated dormant seet^s and immature 
panicles of 2 varieties with different doses, and noted variations 
for many characters in generation. Cytological studies of sterile
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plants showed varying numbers of quadrivalents and univalents at 
meiosis.
During a comparative study of the biological effects of thermal 
neutrons and x rays, Matsuo, Yamaguchi and Ando (1958) noted that the 
x ray dose required for the production of a 50% inhibition of growth 
became 3 to 4 times lower by treating presoaked seeds, and also that 
intervarietal differences in radiosensitivity existed when measured 
as seedling lethality. Mature plant survival and panicle fertility 
decreased linearly with increasing dosage. Maximum frequency of 
chlorophyll mutations was 5.9%, and at higher doses, the efficiency 
of mutations per unit dose decreased. It was also seen that the R-̂  
plant was chimeric for the induction of sterility and mutation, and 
each panicle from secondary tillers gave the same type of mutation 
as that produced by the panicle of their mother (primary) tiller.
They found also ’that the frequency of chlorophyll mutation was in­
fluenced by the time of sowing of R£ seeds, especially of viridis 
types.
Yamaguchi (1958b, c, d, e; 1959a, b) reported the results of 
a series of studies made in x-irradiated rice. He found that (1) 
panicle sterility and seedling mutation frequency increased linearly 
with increasing x ray doses; (2) fractional dose produced more 
sterility than continuous dose in the R^ generation; (3) a longer 
increment between the fractionated doses produced higher sterility 
than a short increment; (4) diploids were more susceptible to 
gamma radiation than their corresponding autotetraploids; and (5) 
the number of R^ plants per panicle progeny necessary to detect at 
least one mutant with 99% probability was 18 plants.
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Soriano (1959) treated presoaked rice grains with 4,000 r 
of x rays. At 30 days, the treated plants attained only 23% height 
of the control. Four out of 28 plants showed the occurrence of 
reciprocal translocations. In the generation, 6.85% of the 
total population showed chlorophyll deficiency, while the control 
gave 0.34%. The frequencies of albino, xantha, viridis and striata 
were 29%, 12%, 54% and 5%, respectively. He noted that low seed- 
set could be taken as a useful criterion for determining the presence 
of a heterozygous reciprocal translocation. In another experiment, 
the author x-irradiated presoaked seeds with 5,000 r, and found 
that 3 out of 32 plants showed an interchange complex. The 
chlorophyll mutation rate in these 3 plants was about 14 times 
higher than in control.
Soriano (1961) irradiated dry seed with 20,000 r, 25,000 r,
30,000 r, 40,000 r and 50,000 r of gamma rays. He found that the 
lowest 3 doses did not affect the germination appreciably, but that 
seedling survival was markedly affected with 30,000 r and 40,000 r.
No survival was obtained with 50,000 r dose. There was a progres­
sive reduction in seedling height with increasing dosage. Cytolo- 
gical studies of mutant progenies showed the occurrence of trans- 
locations, with up to 50% of the bivalents involved in interchanges.
Toriyama and Futsuhara (1959) found that generally the main 
stems and all lower primary tillers mutated independently, and also 
that the frequencies of visible mutations in the lower tillers were 
comparatively higher than in those of higher ones. They also noted 
relatively high correlation between the fertilities of R^ spike 
and R2 lines.
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Huang, C. S (1960) irradiated dormant seeds with 5 doses 
ranging from 5,000 r to 40,000 r, and noted that in root tips, 
the frequency of cells with aberrations (most fragments and 
dicentrics at metaphase) increased linearly with dosage. According 
to the author, "Chromosome aberrations in FMCs of (R^) plants 
were mostly double, single and reciprocal translocations. The 
frequency of translocations also increased linearly up to 2 0 , 0 0 0 r 
but remained constant between 20,000 r and 30,000' r. No compe­
tition between cells with translocations and those without was 
found in 5,000 r plot, when root tip and PMC data were compared.
In 10,000 r and 20,000 r plots, about 8% of cells with translocations 
were eliminated during successive somatic divisions, and about 40% 
were eliminated in 30,000 r plot."
Thaung (1960, 1961) studied the response of different rice 
varieties to various doses of gamma, beta and neutron irradiation.
Low levels of gamna irradiation (500 r to 1,500 r) were found to have 
a stimulatory effect on growth and productivity, while higher doses 
showed an inhibitary effect. He also reported varietal differences 
and storage effect following irradiation.
A  number of workers have, in recent years, reported the iso­
lation of mutants possessing many agronomic characteristics, such 
as earliness, sensitivity to photoperiod, plant height, length and 
number of panicles, following irradiation. (Jones, 1952; Hwa, Lin 
and Lin, 1959; Chang, 1960; Hu, et al., 1960; Huang C. H . , 1960; 
Matsuo and Nakajima, 1960; Matsuo, Nakajima and Hirata, 1960; Matsuo 
and Onozawa, 1960; Yamagata and Syakudo, 1960; and Hu, 1961).
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Bekendam (1961a, b) made a series of studies with 2 x-irra- 
diated varieties. He found that germinability of irradiated seeds 
did not give any indication about the number of plants that would 
reach maturity. The average fertility of heads decreased with 
increasing dose up to a certain level; then a saturation effect 
was noted. The relationship between dose and chlorophyll mutation 
frequency was linear at all doses, when the latter was expressed 
as the number of mutated plants per 1 0 0 kernels sown in the 
generation. It was linear only at lower doses when expressed both 
as the number of mutated R-̂  heads and R^ plants. The author also 
reported isolation of a number of desirable mutations in the R^ 
and later generations.
Chao and Chai (1961) x-irradiated dormant seeds of 2 varieties 
stored at 60% relative humidity, with 2 doses, 20,000 r and 25,000 r, 
and found that varieties showed some differences in their responses. 
While there was no significant reduction in seedling survival with
20.000 r, it was reduced to about 70% of the control with 25,000 r. 
The seedling height was reduced to about 50% of the controls with
25.000 r. The percentages of interchanges obtained at meiosis in 
panicles with the two doses for one variety were 26% and 45%, respec­
tively, and for the other variety 20% to 24% respectively. They also 
studied the frequency of chlorophyll mutations in the R^ generation 
and noted that, (1) albinos were the most frequent type of chloro­
phyll mutation., (2 ) temperature affected the expression of chloro­
phyll mutations, particularly of the variegated types., and (3) the 
variety which showed fewer translocations gave a higher frequency of
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chlorophyll mutations. The frequency of panicle progenies showing 
chlorophyll mutations in the 2 varieties were 3.5% and 6 .8%. The 
authors attributed this phenomenon to differences either in the 
elimination of the aberrant chromosomes in the 2 varieties during 
ontogenesis or to genetic make-up.
Horvat (1961) irradiated dry and germinating seeds with 
varying doses of x rays, gamma rays and neutrons and found that 
radiation affected many characters, such as germination, flowering, 
grain yield and sterility. He also noted that with gamma irradia­
tion, mutants appeared in the irradiated generation, while with 
x rays, they appeared only in the second generation.
Matsuo and Onazawa (1961) treated seeds with x rays and neu­
trons in combination with different chemical treatments. LD^q for 
dormant seeds (75% relative humidity) was found to be about 30,000 r 
and the maximum number of chlorophyll mutations in the generation 
was found to be about 3.79%. Some morphological changes were also 
noted.
Shama Rao and Bora (1961) observed differential radiosensi­
tivity at the genotypic level in a thermal-neutron-induced muation 
for albino character. Seeds of plants heterozygous for this character 
were irradiated with 5,000 r to 40,000 r of x rays. With increasing 
doses up to 20,000 r, the progenies segregated essentially 3:1, but 
dosages above 25,000 r caused a greater reduction in emergence of 
albino seedlings than homozygous and heterozygous greens, until at the
40,000 r dosage the ratio of green to albino was 9:1. This meant 
that at higher doses, the seeds homozygous for the albino gene were
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more sensitive than the homozygous greens and the heterozygous geno­
types. They also found that in a mixture of homozygous normal and 
heterozygous plants, the heterozygous plants were more sensitive at 
higher doses than homozygous greens, indicating that the gene for 
albino condition was sensitive even in the heterozygous condition.
Shastry and Ramiah (1961) studied the cytogenetical effects 
of different ionizing radiations on 1 variety. With x rays, the 
LDijq for soaked, dehusked seed was below 1 1 , 0 0 0  r and for dry, de- 
husked seeds was between 22,000 r and 33,000 r. Exposure to x rays 
beyond 2 2 , 0 0 0 r in the dry and 1 1 , 0 0 0  r in the soaked treatments, 
markedly reduced the seedling height. Meiotic studies showed the 
occurrence of 1 to 3 quadrivalents, or a single hexavalent in a 
small percentage of the cells studied. Bridges and fragments were 
also sometimes seen. According to the authors, chlorophyll mutation 
rate declined with the increase in x ray dosage.
Kawai (1962) recently summarized the present status of rice 
mutation research in Japan and included a bibliography of 53 refe­
rences, most of them published within the last 5 years. Some of 
the more significant findings,, not included in this Review of 
Literature elsewhere,,are enumerated below: (1) Species, races
and varieties showed differences in radiosensitivity. Japonica 
varieties were generally more sensitive than indica varieties. The 
LD 5 0 for japonica varieties ranged from 20,000 r to 50,000 r and 
that for indica varieties from 20,000 r to 65,000 r. (2) hybrids 
were more radioresistant than their parents. (3) Germinated seeds 
gave a higher chlorophyll mutation rate than dry dormant seeds
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following irradiation. (4) Primary tillers from lower nodes mutated 
independently of the main stem, while those from upper nodes often 
showed the same kind of mutation as that of the primary stem. (5) 
Secondary tillers usually gave the same kind of mutations as the 
primary tillers. (6 ) The frequency of occurrence of homozygous 
recessive plants (for induced mutations at a single locus) in R2 
panicle progenies was usually less than the expected 25%. It was 
highest in the panicle progeny of the R^ main tiller and then pro­
gressively decreased in the primary tiller from lower node, primary 
tiller from upper node and secondary tiller.
MATERIALS AND METHODS
The materials used in the present study consisted primarily 
of irradiated dormant seeds of 3 cultivated rice (Oryza sativa L.) 
varieties, Colusa, Nato and Rexoro. The varieties were chosen to 
represent primarily the 2 major botanical subspecies, japonica and 
indica and a combination between them. However, they also differed 
in their times of maturity and some other characteristics as may be 
seen from their descriptions given below.
Colusa is a pure line selection made in 1911 at the Rice 
Experiment Station, Crowley, Louisiana, from Chinese, a variety 
introduced from Italy in 1909. It was released from cultivation 
in 1917. Colusa is an early maturing variety with bold plump 
grains (Jones, 1944). Though an introduction from Italy, it is 
a japonica variety.
Nato is an early maturing variety released by the Rice 
Experiment Station, Crowley, Louisiana, in 1956. It was selected from 
the progeny of a cross, Rexoro-Purple leaf x Magnolia made in 1944 
(Jodon, 1957). It is also an early maturing variety, but it takes 
7 to 10 days longer than Colusa. It is of mixed parentage as Rexoro 
and Purple leaf are indica varieties and Magnolia is a japonica 
variety. The spikelets are medium sized.
Rexoro is a pure line selection made in 1926 at the Rice
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Experiment Station, Crowley, Louisiana, from Marong-paroc, a 
variety introduced from the Philippines in 1911. It was released 
for cultivation in 1928. It is a late maturing variety (Jones, 
1934). It belongs to the subspecies indica and has long slender 
spikelets.
Seed from foundation seed lots maintained at the Rice 
Experiment Station, Crowley, were used in the studies. Because 
of the self-fertilizing nature of the rice plant and the source 
of availability of the seed material, they were considered as 
sufficiently pure and homozygous for purposes of the present 
study.
Dormant seeds of the 3 varieties were exposed to gamma 
radiation from a Co^® source at the Oak Ridge National Laboratory, 
Oak Ridge, Tennessee by the University of Tennessee-Atomic Energy 
Commission Agricultural Research Program. The seeds were irradiated 
in May, 1959, and after they were received in Baton Rouge, were 
stored in airtight containers in a refrigerator at 4° C. The 
following 9 irradiation treatments, differing in dosage and in­
tensity, were used:
1. 20,000 r, 30,000 r, 40,000 r and 50,000 r dosages at an
intensity of 605 r per minute;
2. 37,100 r dosage at 605 r/minute applied in 2 separate
equal doses;
3. 20,480 r, 37,100 r, 41,000 r and 49,400 r dosages at an
intensity of 2.9 r per minute.
For convenience, the 605 r/m treatments will be referred to
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as high intensity treatments and the 2.9 r/m treatments as low 
intensity treatments. The second one will be referred to as the 
fractionated treatment. In the present study, the symbols and 
R2 will be used to indicate, respectively, the first and second 
generation of plants raised from irradiated seeds.
The experimental material was grown in 2 consecutive seasons. 
In the first year, 1959, 100 seeds each of untreated as well as 
those exposed to each of the 9 irradiated treatments of all the 
3 varieties were sown in flats in the greenhouse on July 3, under 
uniform conditions. On July 18, the height in cm of 10 seedlings, 
selected at random in each treatment, and the number of surviving 
seedlings in each, were recorded. The height attained by the 
longest leaf was reckoned as plant height.
The seedlings from each treatment was transplanted singly on 
rows in an Oliver siltloam type of soil with a spacing of 12 inches 
between rows and 6 inches from plant to plant within rows. The 
soil was kept moist by sprinkler irrigation. Weeding and plant 
protection measures were adopted whenever necessary.
For cytological studies, each tiller was considered a separate 
unit. The young panicles were fixed individually, usually when the 
base of the flag leaf was about 1 cm above the base of the next 
lower leaf. They were fixed in Newcomer's (1953) fixative, which 
is made up of 6 parts of isopropyl alcohol, 3 parts propionic acid, 
and 1 part each of petroleum ether, acetone and dioxane. Fixation 
was done at various times of the day. About 30 panicles were fixed 
from each treatment, taking care to choose them from as many plants
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as possible. After fixing, the panicles were kept at room tempe­
rature for 20 to 48 hours and then stored in a cold storage room 
at 1° C.
Meiosis was studied in temporary mounts of pollen mother 
cells. Each was prepared from all the 6 anthers of a floret by 
the conventional acetocarmine technique developed by Belling and 
McClintock (cf. Darlington and La Cour, 1960). Meiosis was obser­
ved both at diakinesis and at metaphase I, mostly for reciprocal 
translocations. Other stages of division were also checked for 
the possible presence of other chromosomal aberrations.
When an interchange was found in a panicle, its frequency
and type were recorded from at least 20 PMCs, usually many more.
If the divisions appeared normal, then usually 50 PMCs were ob­
served in that preparation, and the absence of interchanges in 
that panicle was further confirmed in 1 or 2 additional prepara­
tions made from as many other florets, taking particular care to 
select fhem from different branches of the same panicle.
Cytological observations were made with a Bausch and Lorab 
‘dynoptic* research microscope at a magnification of 1,500 x . 
Photomicrographs of representative types of PMCs were made using 
a Bausch and Lomb model L camera.
After an adequate number of young panicles had been fixed for 
cytological studies, the remainder of panicles on the plants were 
allowed to develop further and set seeds. Then, at least 30 mature 
panicles were harvested individually from each of the treatments for
the 3 varieties, taking care to see that each panicle contained at
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least 30 to 35 fully filled seeds and also that as many plants as 
possible were represented. Panicles were collected from control 
plants of the 3 varieties also. The date of harvest for Colusa
r
was noted as September 21, 1959 since chlorophyll mutation fre­
quencies were to be studied in them in the following year. The 
harvested panicles were threshed and stored at room temperature in 
galvanized iron storage cans.
Mutation frequencies for chlorophyll deficiencies were stu­
died in the generation for the variety Colusa only. Seeds of 
30 R-̂  panicles from each of 7 irradiation treatments and 15 for an 
eighth treatment from the previous year's harvest, were sown in 
specially prepared flats in the greenhouse, from May 15 to 17, 1960. 
The soil medium used was a mixture of 4 parts of Oliver silt loam,
2 parts sand and 1 part peat moss. They were watered regularly 
and records of chlorophyll mutations were taken from seedlings on 
2 dates, May 26 and June 1.
Each progeny was examined for the presence of chlorophyll 
mutations, and when present, records were taken on the number and 
type of chlorophyll mutations, and also on the frequency of normal 
and mutant plants.
Four chlorophyll deficiency types, which could be easily dis­
tinguished visually, were recognized in the present study. These 
were designated albino, xantha, viridis and variegated. Albino 
mutations were characterized by white leaves, xantha mutations by 
yellowish leaves, viridis mutations by uniform light green leaves, 
and variegated mutations by leaves having 2 colors appearing in an
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assortment of patterns.
Remnant supplies of irradiated dormant seeds which had been 
in the refrigerator since Hay, 1959, were grown in the 1960 season 
also. For this study 60 seeds each of the control and those ex­
posed to different irradiation treatments of all the 3 varieties, 
were sown in petri dishes on April 9, 1960. On the third day, 
the number of seeds that had sprouted in each of the treatments 
was recorded, and then all seeds were transferred to flats in the 
greenhouse. On May 2, seedlings surviving in each treatment were 
counted and then transplanted into the field in the same manner as 
in the previous year. Suitable cultural measures were adopted when­
ever necessary.
At the proper time, about 30 young panicles were fixed from 
each of the treatment for cytological studies. Meiotic studies 
were made in this material by the same procedure as described ear­
lier.
V
RESULTS AND DISCUSSION i
The effects of different irradiation treatments on the 3 
varieties, Colusa, Nato and Rexoro, were measured in terms of 
seed germination, seedling survival, seedling height, frequency 
of induced translocations in PMCs and chlorophyll mutations in 
Rl generation plants. In addition, the kind and frequency of 
chlorophyll mutations were studied in Colusa in the R2 gene­
ration.
The studies were conducted in 2 years, 1959 and 1960. The 
seed material used for irradiation came from the same source and 
was subjected to identical pre- and post- irradiation environmental 
conditions through the course of study. The irradiated seeds used 
for growing R-̂  generation plants in the first year had been stored 
for about 6 weeks only at the time of sowing. The R.̂  seed mate­
rial used in the second year was under storage for about 11 months. 
The seeds for growing the R2 generation plants in the second year 
came from the first year's harvest.
The characters studied in 1959 were seed germination, seed­
ling survival, seedling height, translocation frequency, and chloro­
phyll mutations. In 1960, records were taken on seed germination, 
seedling survival, translocation frequency and chlorophyll mutations. 
The results of the 2 years are presented in the following pages.
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1. Seed Germination 
The effect of the various irradiation treatments on seed 
germination was noted in both of the years and on all of the 3 
varieties. For this, dormant seeds exposed to different irra­
diation treatments were placed for germination on moistened fil­
ter papers in petri dishes. The number of seeds that showed 
signs of germination (at least the protrusion of root primordia 
out of the husk) on the third day, were counted as germination.
It was found that seeds of all the treatments showed uni­
formly high and normal germination irrespective of variety, dose, 
intensity and fractionation in both of the years. In fact, the 
percentages of germinating seeds in many of the treatments were 
even slightly higher than those of the controls. This was pro­
bably due to chance. Other workers have also noted that irra­
diation of dormant seeds does not appreciably affect the germina- 
bility except at very high doses. For ordinary dosages the lethality 
that may follow dormant seed irradiation is evidently the result 
of effects on seedling development.
2. Seedling Survival 
Records of the effects of irradiation on seedling survival 
in the R-̂  generation was taken for all of the 3 varieties and in 
both years. The results are presented in Tables 1 and 2.
In the first year, 100 seeds were sown for each of the dif­
ferent treatments of the 3 varieties. The number of surviving seed­
lings in the different treatments was recorded on the fifteenth day
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(Table 1). In the second year, 60 seeds of each treatment were 
used and survival counts were taken on the twenty-third day. The 
data, as presented in Table 2, were computed on a 100 seed basis for 
ease of comparison with the first years's data. The second year's 
material was the same as that used earlier for germination studies. 
First Year's Results
From Table 1 it may be seen that while the unirradiated • 
Colusa and Nato seeds gave almost normal survival, 8 8 % and 92%, 
respectively, survival was somewhat low (77%) in Rexoro. This 
could have been due to chance, since only 1 replication was avail­
able in the study and this variety is not known to be poor in via­
bility.
Varietal Effect - Table 1 shows that there was no appreci­
able varietal difference in response to radiation, as indicated 
by the R^ seedling survival. This was so at both intensities of 
radiation and the single fractionated dose. The mean numbers of 
surviving seedlings for the 3 varieties as an average of all treat­
ments were very close to one another. The respective values for 
Colusa, Nato and Rexoro were 78.1%, 80.6% and 76.1%.
Dosage Effect - The effects of dosages on survival varied 
with intensity. Increasing doses up to the maximum available dose 
of 50,000r at high intensity did not appear to affect the seedling 
survival in any significant manner and the percentages of seedling 
survival at all doses were comparable to that of the controls. With 
low intensity, however, an almost normal survival rate of 89% was 
maintained up to 37,100 r, then there was a slight drop of 78% with
Table 1. Number of surviving seedlings of the 3 varieties, Colusa, 
Nato and Rexoro, following different doses and intensities of gamma 
radiation (Data for 1959),
Number of Surviving
Seedlings from 100 Seeds*
Irradiation Treatments Colusa Nato Rexoro Mean
Control 88 92 77 85.7
2 0 , 0 0 0 r at 605 r/min 91 89 83 87.7
30,000 r at 605 r/min 88 96 87 90.3
40,000 r at 605 r/min 86 89 89 88 . 0
50,000 r at 605 r/min 82 85 88 85.0
37,100 r at 605 r/min (fractionated) 88 93 90 90.3
20,480 r at 2.9 r/min 89 94 84 89.0
37,100 r at 2.9 r/min 90 89 88 89.0
41,000 r at 2.9 r/min 75 86 74 78.0
49,500 r at 2.9 r/min 15 4 2 7.0
Mean 78.1 80.6 76.1 78.3
★Recorded on fifteenth day.
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41,000 r, and this was followed by a sharp drop in the number of sur­
viving seedlings to as low as 7%, at 49,500 r. Thus, rice appears 
to be capable of withstanding comparatively high doses of irradiation, 
particularly when applied to high intensity.
Intensity Effect - Direct comparisons between high and low 
intensity treatments could be made at 3 dose levels - between the 
high intensity treatments of 20,000 r, 40,000 r and 50,000 r, and 
the low intensity treatments of 20,480 r, 41,000 r and 49,500 r, 
respectively. At the lowest dose level of approximately 20,000 r, 
neither of the 2 intensities had any visible effect on seedling 
survival, as may be seen from the fact that both the high and the
low intensity treatments gave as high seedling survival as that of
the control.
At the next comparable dose level of approximately 40,000 r, 
the high intensity treatment again did not show any visible effect 
on seedling survival, while the low intensity treatment registered 
a slight reduction. The respective mean percentages for the high 
and low intensity treatments were 88 and 78. However, this diffe­
rence could have been brought about by chance also.
A differential effect of the 2 irradiation intensities was, 
however, sharply brought out at the highest dose level of approxi­
mately 50,000 r. At this dose level, the high intensity treatment 
still did not indicate any adverse effect on seedling survival. At 
the same time, the comparable low intensity treatment gave an aver­
age seedling survival of only 7%.
The severity of the effect on seedling survival shown by the
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49.500 r low intensity treatment, as against the apparent absence 
of any such effect with the comparable high intensity treatment 
may call for some explanation. This observation is contrary to 
the general assumption that low intensity irradiations have a less 
adverse effect than high intensity irradiations.
In the present instance, with 50,000 r at 605 r/min and
49.500 r at 2.9 r/min, the dormant seeds of the 2 treatments 
would have been exposed to radiations for periods of about 1 hr 
23 min and 284 hr 29 min, respectively. With such a big differ­
ence in the exposure time, it may be seen that what has been 
termed as the intensity effect here is comprised actually of two 
factors: (1 ) a direct effect of different intensities on sur­
vival irrespective of time of exposure, and (2) an effect of time 
of exposure irrespective of intensity. Although these 2 factors 
cannot be separated, it is highly probable from the results that 
the adverse effect of the treatment involving an extremely low 
intensity delivered over a very long period was due to the effect 
of the length of exposure time. As such, the intensity effect 
would better be designated as time of exposure effect.
Fractionation Effect - The fractionated treatment did not 
show any detectable difference in seedling survival rate from the 
other comparable treatments. With the fractionated treatment of 
37,100 r the seedling frequency was about 90%, while it was 8 8 % with 




The R]_ seedling survival data for the second year are pre­
sented in Table 2. Two points may be noted with regard to the 
data. The frequency of seedling survival as presented in the 
table was calculated from the results obtained from sowing 60 
seeds each per treatment. Secondly, no unirradiated controls were 
available in 1960.
Varietal Effect - The 3 varieties did not show any signifi­
cant difference in their response with lower doses at either of the 
intensities. This was so with 20,000 r, 30,000 r,and 40,000 r at 
high intensity and 20,480 r at low intensity. A  consistent though 
slight decrease in survival shown by Nato at all the above 4 levels 
may only have been coincidence and due to chance. However, certain 
trends in varietal responses were evident at higher doses. While 
all the 3 varieties displayed a lower seedling survival at the 
higher doses, the effect appeared to be most severe in Rexoro, and 
least in Colusa. Nato was somewhat intermediate in its response.
At the high intensity dose of 50,000r, the frequencies of 
seedling survival for the 3 varieties Colusa, Nato and Rexoro were 
67%, 58% and 43%, respectively. At the low intensity dose of 37,100, 
the respective values were 62%, 40% and 25%, and with 41,000 r, 43%, 
47%.and 4%. There was no seedling survival for any of the varieties 
at the low intensity dose of 49,500 r.
There was also a tendency for Rexoro to show greater suscepti­
bility at higher doses. This was more apparent at the low intensity 
doses of 37,100 r and 41,000 r. While the seedling survival of 
Rexoro was two-fifths of that of Colusa with 37,100 r, it fell to
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Table 2. Frequency of surviving seedlings of the 3 varieties, 
Colusa, Nato and Rexoro, following different doses and intensi­
ties of gamma radiation (Data for 1960).
Percentage 
of Surviving Seedlings* 
Irradiation Treatments  Colusa Nato Rexoro Mean
2 0 , 0 0 0 r at 605 r/min 73 70 75 72.7
30,000 r at 605 r/min 72 63 73 69.3
40,000 r at 605 r/min 78 70 72 73.3
50,000 r at 605 r/min 67 58 43 56.0
37,100 r at 605 r/min (fractionated) 65 77 80 74.0
20,480 r at 2.9 r/min 75 65 73 71.0
37,100 r at 2.9 r/min 62 40 25 42.3
41,000 r at 2.9 r/min 43 47 4 31.3
49,500 r at 2.9 r/min 0 0 0 0
Mean 59.4 54.4 49.4 54.4
Recorded on twenty-third day.
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less than one-tenth with 41,000 r.
At the same time, with the fractionated treatment, Colusa 
appeared to be more affected than the other 2 varieties. This 
might possibly have been due to chance, since only 1 fractionated 
dose was available, and the differences in survival frequency among 
the varieties were not considerable.
Dosage Effect - With high intensity treatments, seedling 
survival was not appreciably affected with doses up to 40,000 r, 
then a general decline was noted with 50,000 r. The dosage effect 
was stronger with the low intensity treatments. From an apparently 
normal seedling survival rate of 71% with 20,480 r, it declined
sharply to 42% with 37,100 r and 31% with 41,000 r. No seedlings
survived with 49,500 r in any of the varieties.
Intensity Effect - The effects of high and low intensities of
irradiation could be compared at 3 levels of dosage in the second 
year also. At the lowest dose level of approximately 20,000 r,
I
the 2 intensities did not display any perceptible differences in 
their effect on the frequency of surviving seedlings, and the mean 
values of about 72% obtained with the 2 treatments were apparently 
normal. No controls were available for comparison.
With the approximately 40,000 r dosage, the high intensity treat 
ment gave an apparently normal seedling survival, ranging from 70% 
to 78% for the 3 varieties. On the other hand, with the comparable 
dosage of 41,000 r at low intensity, the frequency of surviving seed­
lings for the 3 varieties, Colusa, Nato and Rexoro, were 43%, 47% and 
4%, respectively. This marked reduction in seedling survival
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frequency obtained with the low intensity treatment was evidently 
the effect of irradiation extended over a longer period.
The intensity effect was even more sharply evidenced at the 
highest dose level of about 50,000 r. While the mean seedling 
survival frequency with the high intensity treatment was 56%, 
none of the varieties had even a single surviving seedling with 
the comparable low intensity treatment of 49,500 r.
Fractionation Effect - Fractionation per se did not seem to 
have any distinctive effect on seedling survival as compared to 
the value obtained with 40,000 r of continuous radiation at high 
intensity. Though a possible differential varietal response to 
a fractionated dose could not be ruled out completely, as was 
pointed out earlier, the higher survival values obtained in Colusa 
could have been due to chance also.
Storage Effect - A  proper comparison of the seedling survival 
data for the 2 years, 1959 and 1960, presented in Tables 1 and 2 
was limited by the fact that observations in the 2 years were re­
corded on different dates. In the first year, the count was taken 
on the fifteenth day, while in the second year, it was recorded on 
the twenty-third day. A further complicating factor was the possi­
ble interplay of many factors such as varietal effect, dose and in­
tensity effects, which were difficult to separate from storage effect. 
Also, no unirradiated control was available in the second year, and 
it is possible that storage alone, without irradiation, affected the 
seedling survival in the second year. A seasonal effect on seedling 
survival was another possibility.
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The seed material used in the 2 years had all been irradiated 
at the same time . They had been in storage for about 6 weeks at 
the time of sowing in the first year, and for about 11 months in 
the second year.
Notwithstanding the limitations pointed out earlier, a com­
parison of the 2 tables will show that seedling survival was con­
sistently lower in the second year for all the treatments and for 
all the varieties. As an overall average, the seedling frequencies 
in 1959 and 1960 were about 78% and 54% respectively.
While no pronounced differences in varietal responses were 
evident in the first year with any o'f the treatments, it was 
appearently so after storage, only with the lower doses. Thus, 
with 50,000 r at high intensity and 37,100 r and 41,000 r at low 
intensity, all the 3 varieties displayed a greater susceptibility 
to damage. Rexoro showed a more severe effect than the other 2 
varieties.
The greater varietal susceptibility of Rexoro with post­
irradiation storage was more clearly seen in the mature plant 
stage also. An adequate number of plants for obtaining enough 
panicles for cytological studies were available with 50,000 r at 
high intensity in Colusa and Nato. At the same time, only 4 plants 
survived to this stage in Rexoro. Similarity, at the low intensity 
doses of 37,100 r and 41,000 r, while sufficient numbers of plants 
were available for Colusa and Nato, Rexoro had only a single plant 
from the 37,100 r treatment and none from the 41,000 r treatment.
A comparison of the 2 tables will also indicate that there
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was a particular dose level within which post-irradiation storage 
did not show any apparent effect. This level was lower for the low 
intensity treatments. It also appeared that differences in varietal 
responses were manifested only with doses beyond this dose level.
In the present study, no post-irradiation storage effect was shown 
with high intensity doses up to 40,000 r and the low intensity 
dose of 20,480 r. This level could not be located more accurately 
within the limits of the available treatments.
3. Seedling Height
The effect of different irradiation treatments on the height 
of R-̂  generation seedlings was studied in the first year only for all 
of the 3 varieties. For this, 10 seedlings were selected at random 
from each treatment and their height was measured to the tip of the 
longest leaf on the fifteenth day after sowing. The average seed­
ling height of each variety for the different treatments and the 
height computed in percentages of the respective controls are given 
in Table 3.
Varietal Effect - Ho marked differences were noticed among 
varieties for R;l seedling height as an average of all the treatments 
used in the study. Thus, the average seedling height of Colusa,
Nato and Rexoro were about 72%, 80% and 6 8 % of their respective con­
trols. However, Nato tended to be affected somewhat less than the 
others. This was true with 30,000 r and 40,000 r at high intensity 
and also with all of the 3 low intensity treatments. At the same, 
this was not seen with 50,000 r at high intensity and 37,100 r frac­
tionated treatment. Also, there was some indication that Rexoro
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was affected more adversely by fractionation than the other varieties. 
This might have been chance, however, as only 1 set of data was avail­
able for this treatment.
Dosage Effect - All of the 3 varieties were generally affected 
by increasing doses of radiation. However, the effect of dosage 
depended somewhat upon intensity. With high intensity treatments, 
the reduction in seedling height with doses up to 40,000 r was 
slight, if at all, and then the height was reduced significantly 
to about 53% of the controls by the 50,000 r dose.
The general trend in reduction of seedling height with higher 
doses was more clearly seen with the low intensity treatments. The 
effects were manifested to a slight degree even with the lowest 
dose of 20,480 r. At the 41,000 r dose, the highest dose level for 
which an adequate number of plants was available, the mean seedling 
height was reduced to about 41% of the controls.
Intensity Effect - The effects of high and low intensity irra­
diations - 605 r/min and 2.9 r/min, respectively- could be compared 
at 2 dose levels, 20,000 r at high intensity with 20,480 r at low 
intensity, and 40,000 r at high intensity with 41,000 r at low inten­
sity. At the dose level of approximately 20,000 r, the high inten­
sity treatment had hardly any effect on seedling height, while the 
low intensity treatment caused a 10 to 20% reduction among the 3 
varieties.
The intensity effect was very pronounced at the dose level of 
approximately 40,000 r. With the high intensity treatment, the 
average height of the 3 varieties was about 8 8 % of the control while
Table 3. Average height of seedlings of the 3 varieties Colusa, Nato and Rexoro 
following different doses and intensities of gamma radiation.
Colusa Nato Rexoro Mean
Irradiation Treatments
Height 





in % of 
control
Height 
Height in % of 
in cm. control
Height 
in % of 
control
Control 25.75 1 0 0 . 0 30.25 1 0 0 . 0 29.85 1 0 0 . 0 1 0 0 . 0
20,000 r at 605 r/min 25.95 1 0 0 . 8 32.00 105.8 26.55 88.9 98.5
30,000 r at 605 r/min 22.75 88.4 31.55 104.3 26.65 89.3 94.0
40,000 r at 605 r/min 20.55 79.8 29.55 97.7 25.35 84.9 87.5
50,000 r at 605 r/min 13.95 54.2 17.15 56.7 14.50 48.6 53.2
37,100 r at 605 r/min 
(fractionated 2 2 . 2 0 8 6 . 2 24.40 80.7 19.9,5 6 6 . 8 77.9
20,480 r at 2.9 r/min 20.80 80.8 27.25 90.1 24.75 82.9 84.6
37,100 r at 2.9 r/min 13.05 50.7 17.50 57.9 14.60 48.9 52.5
41,000 r at 2.9 r/min 9.95 38.6 14.40 47.6 10.80 36.2 40.9
Mean 72.4 80.1 68.3 73.6
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with low intensity treatment, it was reduced to about 41% of 
the control - less than half the height with almost the same 
dosage.
Fractionation Effect - The only available treatment re­
vealed a variable effect from fractionation in the 3 varieties 
and it was difficult to interpret the results. The average 
seedling height for all the varieties of the treatment was less 
than that obtained with comparable doses given continuously, but 
the data for the 3 varieties seemed to be erratic.
4. Translocation Frequency
The major aspect of the present investigation consisted 
of certain cytological studies. These consisted primarily of de­
termining the number of reciprocal translocations induced in the 
generation panicles of the 3 varieties following exposure of 
dormant seeds to various irradiation treatments. In addition, 
the frequency of panicles in which translocations had been in­
duced was determined. These observations were made during the 
diakinesis and first metaphase stages of meiosis in pollen mother 
cells of young panicles, using the procedure outlined in Materials 
and Methods. The results are presented in Tables 4 and 5.
For cytological studies, 25 panicles were examined for 
each treatment of the 3 varieties. Individual panicles were con- 
sided as the units of study rather than the whole plant, but con­
scious attempt was made to collect panicles from as many plants as 
possible. Then, each panicle was scored for the presence of reci­
procal translocations, and when present, for their number. In this
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manner, a total of 925 panicles were studied from treated plants 
in the 2 years. Depending upon the presence or absence of trans­
locations, 25 to 150 PMCs were examined in each panicle.
Various types of chromosomal aberrations are produced in 
cells following irradiation. This aspect was considered in some 
detail in the Review of Literature. In the present study, by 
far the most common and consistent type of aberration observed 
during microsporogenesis was reciprocal translocations. Only rarely 
were other aberrations noted. For this reason, the frequency of 
occurrence of translocation was used as the criterion to compare 
the effects of different irradiation treatments on chromosomes of 
the 3 varieties.
A  reciprocal translocation, or a symmetrical interchange, 
is a two-hit aberration. It is formed as a result of fragmentation 
of 2 nonhomologous chromosomes, and the mutual exchange through 
reunion of the fragments. The simplest and the most common type of 
translocation involves 2 pairs of chromosomes. It results in the 
formation of a quadrivalent during meiosis and appears typically as 
a ring or chain.
One PMC may frequently have more than 1 translocation. When 
2 translocations occur, they may involve either 3 pairs of chromo­
somes, in which case a hexavalent is formed, or 4 pairs of chromo­
somes, in which 2 quadrivalents are formed. With 3 translocations, 
an octovalent is formed when 4 chromosome pairs are involved, a 
quadrivalent and a hexavalent when 5 chromosome pairs are involved, 
and 3 quadrivalents when 6 chromosome pairs are involved. With 4
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and more translocations in the same PMCj more numerous combinations 
of different types of multivalents are possible.
Rice has a normal somatic complement of 24 chromosomes.
In normally dividing PMCs they appear as 12 II*. With 1 translocation, 
the configuration will be 10 II + 1 IV; with 2 translocations the 
result will be 911 + 1 VI or 811 + 2 IV; with 3 translocations it 
will be 8 II + 1 VIII or 7 II + 1 IV + 1 VI or 6 II + 3 IV.
With 4 or more translocations, a progressively larger number of
different configurations are possible.
The number of chromosomes involved in the formation of a 
translocation could not be determined directly in rice because of 
the small size of the chromosomes. The procedure used, therefore 
consisted of counting the total number of configurations found 
in a PMC, then determining how many among them were bivalents and
multivalents by their size and shape, and then deducing the number
of chromosome pairs involved in the formation of different 
multivalents from these results. This was then confirmed by 
examining at least 20 PMCs.
None of the 25 panicles examined in the first year from 
the unirradiated control of the 2 varieties Nato and Rexoro contained 
any translocations. This was expected since both of them are normal
*In the literature it is a common practice to use particular 
symbols to represent different types of chromosomal associations as 
occurring during diakinesis and first metaphase of meiosis. Accordingly, 
a univalent is represented as I, a bivalent as II, a trivalent as 
III, a quadrivalent as IV, a pentavalent as V, a hexavalent as VI, 
and so on.
73
cultivated varieties. Extensive studies made earlier on these 
varieties as well as on Colusa at the Louisiana Agricultural 
Experiment Station have not also given any evidence of spontaneously 
occurring translocations in them. Hence, it may be reasonably 
assumed that all of the interchanges obtained in the panicles of 
these varieties derived from the irradiation treatments in the 
present case were induced by irradiation.
Among the 925 panicles of the 3 varieties studied in the 2 
years from the different treatments, 549 panicles appeared normal 
with the PMCs showing 12 II at meiosis. The remaining 376 panicles 
showed 1 or more translocations per panicle. This included 289 
panicles with 1 translocation per panicle, 76 panicles with 2 
translocations each, 10 panicles with 3 translocations each, and 
a single panicle with 4 translocations.
From this, it may be seen that as many as 376 panicles out 
of a total of 925 or 40.67o, contained 1 or more trans locations per 
panicle. This is a high frequency for any irradiated population.
In the present case, the high translocation frequency may be explained 
from the fact that the doses employed varied from 2 0 , 0 0 0  r to 50,000 
r, and that even the lowest dosage of 2 0 , 0 0 0  r could be considered 
to be comparatively high.
The high frequency of panicles with translocations was even 
more notable in view of the small size of chromosomes in rice. It 
is believed that, other things (like nuclear volume, DNA content etc.) 
being equal, smaller chromosomes are less liable to be broken by 
radiation than larger ones.
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Despite the larger number of panicles with translocations 
obtained in the present study, the proportion of those with multiple 
translocations was comparatively small. While there were 289 
panicles with 1 translocation, only 87 were found with 2 or more 
translocations. With 12 pairs of chromosomes as in rice, a much 
higher frequency of panicles with multiple translocations would 
have been expected. This is on the assumption that translocations 
occur at random and that all chromosomes show equal 'tendencies 
for undergoing translocations.
It was pointed out earlier that 376/925 panicles, or 
40.6% of all panicles studied, showed 1 or more translocations each. 
Under the assumptions given above, we could expect 40.6% of the 376 
panicles containing at least 1 translocation, or 153 panicles, to 
have 2 or more translocations. But, actually only 87 such panicles 
were found - a frequency representing only slightly more than half 
the expected number.
This deficiency in multiple translocation panicles was 
even more evident in the frequency of panicles with 3 or more 
translocations each. As against the expected number of 62 (40.6% 
of 153) panicles, only 11 were actually obtained. From these results 
it may be concluded that the chromosomes of rice showed differential 
tendencies to undergo translocations.
Evidence was also available to suggest that 1 pair of 
chromosomes showed a greater tendency than expected to undergo 2 
breaks. Of the 76 panicles containing 2 translocations each, 41 had 
8 II + 2 IV while 35 had 9 II+1 V I .  When 2 quadrivalents are formed,
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there are 4 pairs of chromosomes involved. With a hexavalent, 
only 3 pairs of chromosomes are involved, meaning that 1 chromosome 
pair has undergone 2 breaks. Assuming equal tendencies for the 
occurrence of breaks in all the 12 pairs of chromosomes, 11 times 
as many panicles with 2 quadrivalents is expected as those with a 
single hexavalent.
It was also interesting to note that quadrivalents and 
hexavalents were the only types of multivalents observed in the 
study. In the present instance, there were 11 panicles with 3 or 
more translocations in them, and at least some among them could 
have been expected to form a single multivalent involving more 
than 3 pairs of chromosomes. However, none of the 11 panicles 
contained a multivalent consisting of more than 3 pairs of 
chromosomes - configurations made up of 4 or more pairs of chromo­
somes .
It was significant that 9 of these 11 panicles contained a 
hexavalent. Thus, these data also indicate a strong tendency 
for 1 pair of chromosomes to undergo 2 breaks while others tend 
to be very low in single breaks.
All of the observations recorded above point to certain 
definite tendencies in the occurrence and frequency of induced 
reciprocal translocations in rice. On the basis of the high 
frequency of single translocations per panicle and low frequency 
of multiple translocations, there was apparent a rather distinct 
tendency for 1 pair of chromosomes to undergo breaks at much higher
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frequency than the others. One pair of chromosomes also seemed 
to undergo 2 breaks at a high frequency. Though these results 
could be attributed to many factors, a simple and plausible 
explanation is that 1 chromosome pair is distinctly longer than 
the others. For, it is known that length of chromosomes is related 
positively to tendency to undergo breaks. Karyotype analyses in 
rice have indicated that 1 pair of chromosomes is appreciably 
longer than the others.
First Year's Results
In 1959, cytological determinations of the total number of 
translocations and the number of panicles with translocations were 
made in Nato and Rexoro. The results are presented in Table 4.
Dosage Effect-At high intensity, both Nato and Rexoro 
showed a steady increase in the number of translocations up to a 
dose of 40,000 r; then with 50,000 r there was a tendency for the 
number to level off. Thus the number of translocations increased 
from 6 to 20 in Nato with increases in dose from 20,000 r to 40,000 
r, and then it was 19 with 50,000 r. In Rexoro, the increase in 
translocation number with a doubling of dose from 20,000 r to 40,000 
r was from 3 to 14, and then it dropped to 11 with 50,000 r dose.
A  similar general relationship held true also at low 
intensity in both of the varieties, within the limits of available 
dosages. The number of plants affected and the number of translocations 
obtained for both the varieties with 20,480 r were clearly less than 
those obtained at the higher available doses. No consistent 
differences in effects were noted with 37,100 r and 41,000 r in the
Table 4. Number of panicles with translocations and number of translocations observed in 
the rice varieties Nato and Rexoro following different doses and intensities of gamma 
radiation (Data for 1959).
Nato Rexoro
N o . of N o . of No . o f  N o . of
N o . of panicles. trans- panicles trans-
panicles with trans locations with trans- locations
Irradiation Treatments Studied locations observed locations observed
Control 25 0 0 0 0
20,000 r at 605 r/min 25 6 6 3 3
30,000 r at 605 r/min 25 8 8 8 8
40,000 r at 605 r/min 25 13 20 12 14
50,000 r at 605 r/min 25 14 19 9 11
37,100 r at 605 r/min 
(fractionated)
25 13 15 12 13
20,480 r at 2.9 r/min 25 8 8 5 7
37,100 r at 2.9 r/min 25 11 15 9 16
41,000 r at 2.9 r/min 25 11 18 13 16
Total 84 109 71 88
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2 varieties. The difference between these 2 doses were small, 
hence the results were expected.
At the lower doses, none of the panicles examined in the 
2 varieties had more than a single translocation. This was true 
with 20,000 rand 30,000 r at high tensity and with 20,480 r 
at low intensity. However, this is not meant to imply that 2 or 
more translocations cannot be induced by these lower doses, for if 
a much larger number of panicles had been examined, it is quite 
possible that panicles with 2 translocations would have been found.
Intensity Effect-With dosages of approximately 20,000 r, 
the translocation frequency was slightly higher at the low intensity 
treatment than at the high intensity treatment in both the varieties. 
However, at the dose level of approximately 40,000 r, there was no 
consistent difference between the 2 intensity treatments in the 2 
varieties.
Thus there was a suggestion that at the lower dose, the low 
intensity treatment caused more translocations than did the high 
intensity treatment.
Fractionation Effect - The fractionated treatment did not 
produce any marked differential effect from the comparable dose 
of 40,000 r at high intensity. The number of panicles having 
translocations was about the same in the 2 treatments for both 
varieties. It is true that the number of translocations observed 
in Nato with the fractionated treatment was lower than that obtained 
with the comparable high intensity treatment, being 15 and 20 
respectively, but this might have been because the value obtained
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with the fractionated treatment was somewhat low.
Varietal Effect - Varieties showed differences both in the 
number of panicles affected and also in the number of translocations 
observed. In both respects, Nato appeared more affected than 
Rexoro. The total number of panicles with translocations obtained 
for Nato and Rexoro were 84 and 71, respectively; the number of 
translocations were 109 and 8 8 , respectively. It appeared that 
varietal differences in the number of translocations observed were 
manifested only with the high intensity treatments.
Second Year's Results
Cytological studies were made on all the 3 varieties in 
1960 on the same lines as in the previous year. The data are presented 
in Table 5.
Dosage Effect - With high intensity treatments, both the 
number of panicles with translocations and the number of trans­
locations registered a steady increase in all of the 3 varieties, 
as the dose was increased from 20,000 r to 40,000 r. Then, there 
was no consistent behavior with the 50,000 r dose. While Colusa 
appeared to show a tendency for the translocation frequency to 
level off with 40,000 r, Nato showed an increase in the number of 
translocations from 14 to 19. This increase shown by Nato might, 
however, have been due to chance, as such a trend was not evidenced 
by any of the varieties in the 2 years. No plants were available 
for study in Rexoro with the 50,000 r treatment. Within the available 
treatments, Rexoro registered a sharper increase in translocation 
frequency than the others.
Table 5. ; Number of panicles with translocations and number of translocations observed in the rice 




N o . of
panicles
studied
























20,000 r at 605 r/min 25 8 8 7 7 3 3
30,000 r at 605 r/min 25 11 12 9 11 8 9
40,000 r at 605 r/min 25 12 15 12 14 12 17
50,000 r at 605/r/min 25 11 13 14 19 — —
37,100 r at 605 r/min 
(fractionated)
25 11 14 10 13 9 12
20,480 r at 2.9 r/min 25 7 7 10 13 11 14
37,100 r at 2.9 r/min 25 12 16 20 31 — —
41,000 r at 2.9 r/min 25 13 17 11 13 — —
Total 85 1 0 2 93 121 43 55
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The analysis of the results obtained with the low intensity 
treatments was difficult except for Colusa. This was because the 
results obtained in the other 2 varieties seemed to be either erratic, 
or were incomplete. In Nato, the translocation frequencies obtained 
with 20,480 r and 37,100 r appeared to be abnormally high. For 
example, with 37,100 r, Nato yielded 31 translocations in 20,panicles, 
while with the near-equal dose of 41,000 r, it showed only 13 trans­
locations and 11 affected panicles.
In Rexoro, data were available for only the lowest dose of
20,480 r, and the translocation frequency appeared to be quite high. 
There were 14 translocations in 11 panicles, which were nearly double 
that obtained with the same treatment in the first year. It seems 
improbable that storage could have produced such a sharp effect.
In Colusa, at the same time, the results obtained appeared 
to be consistent, and the number of tillers affected and the number 
of translocations obtained showed a steady increase within the limits 
of available dosages.
Intensity Effect - Colusa did not show any detectable 
intensity effect in the number of induced cytological aberrations 
at either of the 2 dose levels for which comparable high intensity 
and low intensity treatments were available. Since the results 
obtained for Nato and Rexoro with the low intensity treatments 
appeared to be unreliable, or were incomplete, no comparisons on 
intensity effect could be made for these 2 varieties.
Fractionation Effect - Colusa and Nato did not show any 
significant difference in the number of translocations produced with 
a fractionated dose as compared to the high intensity dose of
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40,000 r with continuous irradiation. At the same time, Rexoro 
seemed to show a considerable repairing effect with fractionation.
The number of translocations produced in Rexoro with the comparable 
treatment with continuous irradiation and the fractionated treat­
ment were 17 and 12 respectively. Since such an effect had not 
been shown by Rexoro in the first year, it is somewhat questionable 
if the differences obtained in the second year were real.
Variety Effect - Comparisons of the varieties were made only 
with the results obtained from the high intensity and fractionated 
treatments for reasons stated earlier. Within these limits, no 
sharp differences in varietal responses were evident in the amount 
of induced cytological abberrations except for the fact that 
Rexoro showed fewer aberrations than the others at the 2 lowest 
doses.
Storage Effect - There were certain limitations in making 
an adequate appraisal of the effect of storage on the frequency of 
induced reciprocal translocations. Of the 3 varieties, Nato and 
Rexoro were studied in both years and the results with these varieties 
for the low intensity treatments in the second year were either 
erratic or incomplete as pointed out earlier.
Considering the available results as a whole, no clearly 
distinct and consistent effects on the frequency of induced 
cytological aberrations were evident from post-irradiation storage 
of seeds.
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5. Chlorophyll Mutations 
Data on chlorophyll mutations were taken in both the R-̂  
and R 2 generations. Studies of the R-̂  generation were made in both 
the years 1959 and 1960, and with all 3 varieties. R 2 generation 
studies were made only with Colusa in 1960.
No chlorophyll mutations were found in the R^ generation of 
the 3 varieties, indicating that no dominant mutations for chlorophyll' 
•abnormalities occurred in this study in approximately 3000 R^ plants. 
In the first year, observations were taken on the fifteenth day 
on 2,113 R^ generation seedlings resulting from the sowing of 100 
seeds each for the 9 irradiation treatments of all the 3 varieties 
(100 seeds x 9 treatments x 3 varieties = 2,700 seeds). In the 
second year, observations were recorded on the twenty-third day 
on 880 R-̂  seedlings resulting from the sowing of 60 seeds each of 8 
treatments for the 3 varieties (60 seeds x 8 treatments x 3 
varieties = 1,440 seeds). Seeds of the ninth treatment failed to 
survive beyond germination.
The material for R2 generation studies consisted of 30 
progenies each for 7 treatments, and 15 for an eighth treatment.
Thus, there were 225 R 2 progenies. The size of the progeny
varied from 28 to 44 plants; the average size was about 35 seedlings.
Records were made on the eleventh day and again on the sixteenth day.
In the present study, 4 kinds of chlorophy 11 mutations 
were recognized. They were designated as albino, xantha, viridis 
and variegated. The albino mutants were white, resulting from the 
absence of both chlorophylls and carotenoids. The xantha mutations
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were yellowish, due to the absence of chlorophylls and the presence 
of only carotenoids. The intensity of yellow color was often 
variable. However, both albino and xantha mutations were easily 
distinguishable. Viridis mutations were characterized by a uniform 
yellowish green or light green color.. They were visible from the 
beginning and resulted from a reduction in the amount of chlorophyll 
present. However, the color intensity in this class was often 
very variable, and it is possible that some mutants with only slight 
dificiencies were counted as normal.
The fourth kind of mutation, variegated, was a more 
heterogeneous group. The mutation was manifested by the leaf blades 
having 2 color appearing in different patterns. One of these 
was green and the other yellow or white. Most commonly, those 
mutants appeared as green and white or yellow longitudinal stripes 
of varying width. Sometimes, the yellow or white appeared at the 
distal end of the leaves only, or they occurred in transverse bands, 
or even in patches. It was also observed that some of the variegated 
mutations appeared only from the third leaf onwards. The number of 
such mutant plants in the progeny never exceeded 2. These points 
often made the detection and classification of this class rather 
difficult and uncertain.
None of the 8 progenies of the unirradiated corirol showed 
any mutations. Though spontaneous chlorophyll mutations are known 
to occur in rice, their frequencies are extremely low. It should be 
more so in a long-stabilized pure line like Colusa, which was the
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variety used in the present study. These results imply that all 
chlorophyll mutations which appeared in the generation could 
be considered to be the result of irradiation.
The results of chlorophyll mutations are presented in Tables 
6 and 7. The 4 types of chlorophyll mutations were arbitrarily 
separated into 2 groups, with the first group including albino, 
xantha and viridis mutations. A  separate presentation of the 
variegated mutations was deemed necessary because of the difficulties 
and uncertainties encountered in their identification and classification.
The 225 progenies studied contained a total of 42 mutations 
of the albino, xantha and viridis types (Table 6). This amounts to 
a mutation frequency of 18.6%, which is a high rate as compared to 
the results obtained in barley. This may have been because the 
doses used in the present study were high. Even the lowest dosage 
used, namely 2 0 , 0 0 0 r, is usually considered a fairly high dose in 
similar irradiation studies. The highest dose used in the present 
case was 50,000 r.
Dosage Effect - The rate of mutation seemed to increase 
with increasing dosage, both at high intensity and at low intensity 
(Table 6 ). At the high intensity dose of 605 r/min., the total 
number of mutations observed in 30 progenies each for 20,000 r,
40,000 r and 50,000 r were 2, 5 and 9, respectively. And, at the 
low intensity dose of 2.9 r/min. the number of the 3 kinds of mutations 
observed in 30 progenies with 20,480 r, 37,100 and 41,000 r were 3,
6 and 9, respectively.
Table 6. Frequencies of three kinds of chlorophyll mutations in the generation 
of the variety Colusa following different doses and intensities of gamma, 
radiation.
Irradiation Employed













Control 8 0 0 0 0 0
20,000 r at 605 r/min 30 1 0 1 2 2
30,000 r at 605 r/min 15 0 1 2 3 2
40,000 r at 605 r/min 30 2 0 3 5 5
50,000 r at 605 r/min 30 5 1 3 9 8
37,100 r at 605 r/min 
(fractionated) 30 5 0 0 5 5
20,480 r at 2.9 r/min 30 0 1 2 3 3
37,100 r at 2.9 r/min 30 0 2 4 6 6
41,000 r at 2.9 r/min 30 8 1 0 9 9
Total 225 21 6 15 42 40
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Fractionation Effect — The single fractionate!dose employed 
in the study, 37,100 r/min., did not appear to affect the mutation 
frequency of the 3 kinds of chlorophyll mutations in any way 
different from the other comparable treatments, 30,000 r and 40,000 
r delivered continuously at high intensity. The respective mutation 
frequencies in the 3 treatments were 5, 6 and 5. As induced mutation 
frequencies are considered to be one-hit aberrations, and as these 
are not generally believed to be affected by dose-fractionation, the 
results obtained in the present case can be considered expected.
Intensity Effect - For comparable doses, the low intensity 
treatment seemed to induce a, higher frequency of the 3 types of 
chlorophyll mutations than the high intensity treatment. The 2 
intensities used in the study were 605 r/m and 2.9 r/min., a 
nearly 209-fold difference in intensity. Even though the dosages 
used at the 2 intensities were not exactly the same, this tendency 
to have a higher mutation frequency with low intensity doses may 
be noted in the available data. The 20,000 r and 40,000 r doses at 
high intensity produced 2 and 5 mutations, respectively, in 30 
progenies. At the same time, the comparable doses of 20,480 r 
and 41,000 r at low intensity yielded 3 and 9 mutations, respectively, 
in the same number of progenies. However, it may be added that the 
amount of data available was not adequate to preclude the possibility 
of the differences being caused by change. The difference obtained 
at the first comparable dose level - 2 0 , 0 0 0  r at high intensity and
20,480 r at low intensity - was only 1, and when this was excluded, 
there was only one other comparable dose level available. The general
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finding has been that mutations, both lethal and visible ones, 
are not significantly altered by changes in intensity and fractiona­
tion of radiation.
As stated earlier, the 225 progenies showed 42 mutations of the 
albino, xantha and viridis types. These 42 mutations were produced 
in 40 progenies. Thus, 2 of the 40 mutating progenies showed 2 
mutations each. In both of these cases, viridis mutants appeared 
in combination with an albino or a xantha mutant. One occurred in 
each of the 30,000 r and 50,000 r doses at the high intensity 
treatment. This tendency for more than 1 mutation to occur in a 
progeny - 2 in 40 - was much lower than the observed frequency of 
chlorophyll mutations in the progeny - 42 in 225 progenies.
From Table 6 , it may be seen that the 42 mutations consisted 
of 21 albino, 6 xantha and 15 viridis mutations, that is, nearly 507o, 
14% and 367., respectively. It is also the general observation that 
albinos are the most frequent type of induced chlorophyll mutations.
The relative frequencies of albino and xantha mutations 
may throw some light on the organization of the genetic system con­
trolling chlorophyll development. As stated earlier, albinos occur 
when both chlorophylls and carotenoids are not formed, and xanthas 
occur when chlorophylls alone are absent. The normal assumption would 
be that a higher frequency of xantha mutations should occur. But 
actually, albinos out numbered xanthas by 3% to 1. Also, albino has 
always been reported to be the most frequent chlorophyll mutation 
type.
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The occurrence of a large number of albino mutations, 
resulting from loss of ability to produce both types of pigments,and 
a much smaller number of xantha mutations, representing loss of 
ability to produce only 1 type of pigment, indicates that formation 
of the chlorophyll and carotenoid pigments is associated at some 
stage. The results indicate that intermediate products representing 
precursors of both types of pigments are synthesized under the 
influence of several genes, thus, suggesting a common gene system 
responsible for the development of these precursors. Mutations at 
any of these loci would destroy ability of the plant to produce 
either type of pigment through absence of the common precursor and 
result in albino plants. The occurrence of a high frequency of albino 
mutations suggests that a large number of genes, hence a large number 
of steps, are involved in the production of these precursors which 
are necessary in the development of both chlorophyll and carotenoid 
types of pigment.
The occurrence of the xantha mutations shows that at some 
point the common precursors become differentiated, with part being 
used to form carotenoid pigments and the rest to form chlorophyll.
The low frequency of xantha mutations suggests that fewer genes, con­
sequently fewer steps, are involved in the formation of chlorophyll 
after the point of differentiation than prior to this point.
Under the explanation offered for the frequencies of albino 
and xantha mutations, a type of mutation able to form chlorophyll 
but lacking carotenoids is expected. It appears probable that this 
type of mutation did occur in the progenies, but could not be identified 
because of the masking effect of the chlorophyll pigments.
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The 3 chlorophyll mutation types showed certain similarities 
in their behavior. Omitting the 2 progenies which showed more 
than 1 mutation each, the remaining 38 mutations (and mutating 
progenies) consisted of 20 albinos, 5 xantha a n d ‘13 viridis. It 
was found that all of them showed deficiencies in the frequencies 
of recessive mutant plants in the mutating progenies from the 
theoretically expected .25% (assuming a monofactorial inheritance), 
and also that the extent of deficiencies were more or less similar 
in the 3 cases. The average percentages of plants per progeny 
showing the recessive mutant character in the albino, xantha and 
viridis mutations were: 15.8%, 14.0% and 14.9%, respectively. The 
respective progeny sizes were: 37.1, 32.8 and 37.7 plants.
Normally, with a mutation at a single locus, 25% of the 
progeny is expected to show the recessive mutant character. But 
it was not always so with the induced chlorophyll mutations. As 
stated earlier, the 38 mutations, which occurred singly, consisted 
of 20 albinos, 5 exantha and 13 viridis. Of these, the number of 
progenies having fewer than 5% mutant plants within a progeny con­
sisted of 5 albino, 1 xantha and 3 viridis; those with 20% or more 
mutant plants consisted of 7 albino, 1 xantha and 3 viridis, and 
those with 6 to 19% mutant plants consisted of 8 albino, 3 xantha 
and 7 viridis. Thus a large number of progenies showed a sharp 
deficiency of fewer than 5% of mutant plants. It may be mentioned 
here that the progeny size used in the present study - an average of 
about 35 plants - was much higher than has been used in similar 
genetic studies.
While such factors as chance and experimental error could
have been responsible for some amount of fluctuation from the 
expected frequency of 25%, the occurrence of a greatly reduced 
frequency of mutant plants in a majority of the mutating progenies 
may call for another explanation. Though no experimental evidence 
was obtained in the present instance, 2 possibilities may be suggested: 
(1 ) a reduced transmission of the mutant gene resulting from a 
gametic or zygotic lethality; (2 ) more than 1 cell of the developing 
initial of the irradiated embryo developing into the panicle, with 
the mutation having been induced in only 1 of them. Some other 
explanations as the operation of duplicate genes and such other 
dihybrid ratios have been proposed, but they do not appear to be 
very probable, especially at such high frequencies as was obtained 
here.
Of the 40 mutating progenies, as many as 9 had only a single 
mutant plant. This raises the question of the minimum progeny size 
required in induced mutation studies. Earlier workers have suggested 
that 20 plants per progeny would be an adequate number to reveal 
all the induced mutations. In the present study, the average size 
was about 35 plants, with a range of 28 to 42 plants. In view of 
the results obtained in the present study, it may be proposed that 
while the minimum progeny size may be kept at 20 plants, the optimum 
should be higher, perhaps as many as 40 plants.
Only 1 out of the 40 mutant progenies had more than 40% mutant 
plants. This was obtained from the 30,000 r treatment and the progeny 
consisted of 8 normal, 9 xantha and 21 viridis plants. Since no 
dominant chlorophyll mutations had been obtained, it might be proper
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to suggest that 2 viridis mutations were induced in this panicle.
The data for the variegated mutations observed in the 
present study are presented in Table 7. The heterogeneous nature 
of this type of mutations and the difficulties experienced in the
recognition and classification of at least some of the mutant
plants had been referred to earlier. Because of the probability 
of a large error in the enumeration of this class of chlorophyll 
mutations, they have been considered separately.
The frequency of variegated mutant plants per progeny showed 
certain interesting features. The number of variegated mutations 
observed in the study was 15'. Of these, 12 had only a single mutant
plant per progeny, and no progeny had more than 2 variegated plants.
Such an extreme deficiency of mutant plants with all the mutating 
progenies was not seen for any other kind of chlorophyll mutation.
The expression of the mutant character on the plants was 
also of some interest. Of the 15 observed mutations, 5 had all the 
leaves of the mutant plants showing the typical longitudinal stria- 
tions. These were identifiable even when only the first leaf had 
emerged. In the remaining 10 cases, the variegated patterns appeared 
on the third leaf only of a single plant. They presented considerable 
difficulty in identification. (There were, in addition, 4 other pro­
genies in which the bhird leaf only of a single leaf showed some vari­
able patterns. Because of the extreme uncertainty about their nature 
they were not included as cases of variegated mutations).
The characteristics pointed out earlier about this kind of 
mutation, namely the occurrence of mutant plants in very low number
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Table 7. Number of variegated mutations in the generation 
of the variety colusa following different doses and 
intensities of gamma radiation.
No. of No. of 
Progenies Variegated 
Irradiation Employed___________________________ Studied Mutations
Control 8 0
20,000 r at 605 r/rain 30 5
30,000 r at 605 r/min 15 0
40,000 r at 605 r/min 30 6
50,000 r at 605 r/min 30 1
37,100 r at 605 r/min (fractionated) 30 1
20,480 r at 2.9 r/min 30 0
37,100 r at 2.9 r/min 30 1
41,000 r at 2.9 r/min 30 1
Total 225 15
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and the great variation shown by this mutation in its manner of 
expression and time of manifestation, combined with the fact that 
the plants affected by these mutations are known to develop in an 
almost normal manner, may give some indications about the nature 
of the genes concerned with this character. It is known that the 
phenotype expression of many genes often depends on their inter­
action with other genes and environmental factors. This is more 
so if the genes are low in penetrance and expressivity. Penetrance 
is defined as the percentage of individuals carrying the gene in 
proper combination for expression which actually expresses the 
phenotype. Expressivity is the degree of effect or the extent 
to which a gene manifests itself in different individuals. It 
appears that the gene or genes responsible for the variegated 
character may also be a case in point of this genetic phenomenon.
The available data on the number of variegated mutations were 
too erratic to provide any information concerning effect of dosage, 
intensity or fractionation on the frequency of variegated mutations. 
In fact, it may be seen from the table that 11 mutations out of the 
total of 15 occurred in 2 treatments only.
SUMMARY
Dormant seeds of 3 rice varieties, Colusa, Nato and Rexoro, 
which differed chiefly in their origin, were exposed to the following 
9 treatments of gamma radiation:
1. 20,000 r, 30,000 r, 40,000 r and 50,000 r at the 
rate of 605 r/min - called high intensity treatment;
2. 37,100 r, at the rate of 605 r/min applied in 2 
equal fractions - called fractionated treatment; and,
3. 20,480 r, 37,100 r, 41,000 r and 49,500 r at the rate 
of 2.9 r/min - called low intensity treatment.
One hundred seeds of each treatment were sown shortly after 
irradiation.
The following characters were studied in the R^ generation: 
seed germination, seedling survival, seedling height, translocation 
frequency in PMCs and chlorophyll mutations. Chlorophyll mutations 
were studied in Colusa in the R 2 generation also.
The fractionated treatment did not produce any significantly 
different effect from that of the comparable continuous high intensity 
treatment on any of the characters studied.
Seed germination was found to be uniformly high and normal 
irrespective of treatment.
In seedling survival the 3 varieties showed essentially the 
same response to the various irradiation treatments.
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The effects of dosage on survival varied with intensity.
Even the highest dosage of 50,000 r given at high intensity did 
not have any significant effect on survival. At low intensity, 
a slight reduction was noticed with the 41,000 r dosage, and the 
reduction was very pronounced with the 49,500 r dosage.
An effect of difference in radiation intensity on survival 
was evident only at the highest dose level of approximately 50,000 r 
while seedling survival was apparently normal following the high 
intensity treatment, it was reduced to only 7% with the low intensity 
treatment.
No marked differences were noticeable in response to the 
radiation treatments among varieties for seedling height.
Seedling height was progressively reduced with increasing 
doses at both intensities. However, the rate of decrease was more 
sharply visible with low intensity treatments.
While intensity effects on seedling height were noted at both 
the comparable dose levels, it was more distinct at the higher dose 
level of approximately 40,000 r than at the lower dose level.
Data on translocation frequencies were obtained from plantings 
made in 2 years, 1959 and 1960.
Nearly 41% of all panicles examined contained 1 or more trans­
locations.
There was a deficiency in the number of panicles with multiple 
translocations compared with the number having a single translocation.
There was also evident a tendency for hexavalents to occur in 
greater frequencies than expected as compared to the frequency of
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occurrence of panicles with 2 quadrivalents. This seemed to indicate 
a greater tendency for 1 pair of chromosome to undergo 2 breaks 
than for part of the other chromosomes to undergo 1 break.
Rexoro was generally found to have a slightly fewer number 
of translocations than the other 2 varieties.
The 3 varieties showed a steady increase in the number of 
translocations with increasing doses up to 40,000 r, and then it 
generally seemed to level off.
An intensity effect on translocation frequency was 
noticeable at the lowest comparable dose level only, with the low 
intensity treatment giving a slightly higher number of translocations.
No chlorophyll mutations were found in over 3,000 R^ 
plants of the 3 varieties studies during 2 years.
Four types of chlorophyll mutations were recognized in the 
R2 generation, namely, albino, xantha, viridis and variegated.
The detection and classification of variegated mutations 
were often difficult and uncertain, hence, they were considered 
separately.
Of 225 R 2 progenies studied, 38, or 17% contained 42 chloro­
phyll mutations of the albino, xantha and viridis types. These 
consisted of 21 albino (50%), 6 xantha (14%) and 15 viridis (36%) 
mutations.
The mutation rate appeared to increase with increasing 
dosage at both intensities.
There was a slight tendency for the low intensity treatments 
to give a somewhat higher mutation frequency than the comparable 
high intensity treatments.
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In a majority of the progenies which contained chlorophyll 
mutations, the number of mutant plants was less than 20%, showing 
a marked deficiency in number of mutant plants.
Variegated plants were noticed in 15 progenies. However, 
the number of variegated plants per progeny never exceeded 2.
Their manner of appearance and mode of expression were too erratic 
to permit reliable conclusions.
To determine the effect of post-irradiation storage, 
observations were made in the second year on R-̂  generation plants 
for seed germination, seedling survival and translocation frequency 
in PMCs. At the time of sowing, the irradiated seeds had been in 
storage for about 1 year at 4° C.
Seed germination was high and was apparently not affected.
A progressive reduction in seedling survival was noted 
with increasing dosages. This effect was evidenced at a lower dose 
level than that observed without storage. The effect was more 
pronounced with low intensity treatments. Thus, after storage, 
seedling survival was noticeably reduced with 50,000 r at high 
intensity and 37,100 r at low intensity. There was no survival with 
49,500 r at low intensity.
After post-irradiation storage, varieties also showed 
differences in seedling survival, but only at higher doses. Rexoro 
was affected most and Colusa the least.
Translocation frequency was not clearly or consistently 
modified by storage. However, some of the treatments, many of them 
low intensity treatments, appeared to give erratic results after storage.
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As in the first year no chlorophyll mutations were obtained 
in the generation plants after storage.
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